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Abstract

This thesis will endeavour to shed new light on the photophysics of single semiconduct-

ing nanocrystals. Quantum dots, rods and other more intricate single crystals were pro-

duced through traditional hot colloidal synthesis protocols. The physical attributes of

the nanoparticles (NPs) were carefully and systematically varied to evaluate a new model

that describes photophysical phenomena that arise at the nanoscale. Specifically, the

charge-tunnelling and self-trapping (CTST) model presented here is parameterised by a

set of experimentally controllable variables which include the excitation rate, host substrate

dielectric constant and the shell thickness of CdSe.CdS and CdSe.ZnS core-shell systems.

An arsenal of spectroscopic and imaging techniques were used to build a comprehensive

understanding of the single NPs used for subsequent single molecule fluorescence stud-

ies. The use of the x-ray diffractometer (XRD), transmission electron microscope (TEM)

and nuclear magnetic resonance (NMR) instruments have provided invaluable information

on the atomic structure, crystal morphology and passivating surface ligands respectively.

Single molecule studies were performed by employing an ultra-sensitive inverted optical

microscope operating in total internal reflection (TIRF) mode to optimise image contrast

at the coverslip surface. A bespoke automated focus module was designed and built using

relatively inexpensive optics and an automated macro to permit the acquisition of data

over a large temporal range. This was especially important for the generation of mean-

ingful blinking data that was subsequently analysed and compared to simulated blinking

statistics.

Of the investigated photophysical manifestations the fluorescence intermittency, associated

with single NPs, was perhaps the most thoroughly studied. The fluorescence intermittency

or blinking of single NPs is characterised by the stochastic switching between emissive and

non-emissive states under continuous irradiation. Typically, the blinking statistics were

analysed through fitting a truncated power-law to the blinking probability density distri-

butions (PDDs) which each consisted of at least 20000 blinking events. The gradient and

characteristic exponential cut-off times were extracted and compared with data generated

from CTST simulations.

The photochemistry of QDs and more recently the photo-assisted synthesis of perovskites

was examined. The use of x-ray photoelectron spectroscopy (XPS) was used to support

measurements performed on single NPs under relatively high laser powers to induce pho-

toluminescence enhancement (PLE) and photoinduced blueing, which was measured using

a spectral dispersion grating.

i



Acknowledgements

As the end of my project is nigh complete I am presented with the opportunity to reflect

on the past few years as a postgraduate at the University of Sussex. During my pursuit

of the doctorate, I was fortunate to be part of a friendly departmental community with

established high-quality research.

My sincerest gratitude goes to my supervisor Dr Mark Osborne for his dedication and

perseverance over the complete duration of this project. His kind advices have imbibed

me with a new found knowledge and appreciation for science for which I am indebted.

Furthermore, I extend my thanks to my co-supervisor Dr Iain Day for his useful comments

within the pages of my annual reports and for discussions concerning NMR experiments.

Funding for this project was provided by the University of Sussex Doctoral School via a

graduate teaching award (GTA) for which I am immensely thankful.

I have encountered many assiduous scientists throughout this project. My profound thanks

go to Mani, Ama, Sarah, Reuben and Lisa for their industrious approach toward invest-

igating periphery areas related to this thesis. Dr Pascale Schellenberger and Dr Julian

Thorpe have my gratitude for their assistance with imaging samples using the electron

microscope. I am appreciative of the Chen and Day labs within the department for the use

of the XRD and NMR instruments respectively. In particular, I would like to thank Wei

Cheat Lee, Tom Draper and Daniel Holt for their assistance with the XRD and Guillermo

Lucena Alcalde for support with NMR measurements. All ICP-MS measurements were

graciously performed by Chris Dadswell.

This thesis would not have been complete without the use of the high-resolution electron

microscope facility at the University of Cambridge. My huge thanks go to Florencia Wis-

nivesky and Dr Caterina Ducati for their assistance with this work. The XPS data was

gathered at the University of Oxford for which I am much obliged.

Beyond my studies, I am enormously beholden to my parents, grandparents and brother

for their supportive nature over the term of this project; it would have been impossible to

accomplish this work without your tireless encouragement and support.

Lastly, I would like to convey my gratitude to Emma for keeping me motivated during the

production of this thesis and for her genuine interest in my work.

ii



Contents

Abstract i

Acknowledgements ii

List of Figures viii

List of Tables xii

List of Abbreviations xiii

List of Publications xviii

1 Introduction 1

1.1 The evolution of materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Excited states from atoms to crystals . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Fluorescent nanocrystals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3.1 Semiconductor density of states . . . . . . . . . . . . . . . . . . . . . 6

1.3.2 Fermi-Dirac distribution . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.3.3 Optical properties and spectroscopy . . . . . . . . . . . . . . . . . . 12

1.3.4 Synthetic methods and applications . . . . . . . . . . . . . . . . . . 19

1.3.5 Colloidal growth kinetics . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.3.6 Photophysical properties at the single QD level . . . . . . . . . . . . 21

1.4 Single molecule optical microscopy . . . . . . . . . . . . . . . . . . . . . . . 25

1.4.1 Total internal reflection fluorescence microscopy (TIRFm) . . . . . . 26

1.4.2 Evanescent field generation . . . . . . . . . . . . . . . . . . . . . . . 26

1.4.3 Near-field enhancement . . . . . . . . . . . . . . . . . . . . . . . . . 28

1.4.4 Optical collection efficiency . . . . . . . . . . . . . . . . . . . . . . . 29

1.5 Thesis overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

iii



2 Experimental methods and simulation 32

2.1 Synthetic protocols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.1.1 Raw materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.1.2 CdSe quantum dots . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.1.3 Core-shell nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.1.4 CdSe nanorods (NRs) . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.1.5 CdSe tetrapods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.1.6 CsPbX3 perovskites (X = Cl, Br, I) . . . . . . . . . . . . . . . . . . 39

2.2 Single molecule microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.2.1 TIRFm experimental apparatus . . . . . . . . . . . . . . . . . . . . . 40

2.2.2 Automated focus module . . . . . . . . . . . . . . . . . . . . . . . . 43

2.2.3 Near-field enhancement and microscope sensitivity . . . . . . . . . . 46

2.2.4 I-CCD pixel size calibration and excitation footprint diameter . . . . 47

2.2.5 Detector sensitivity and noise sources . . . . . . . . . . . . . . . . . 48

2.3 Spectroscopic, diffraction and imaging methods . . . . . . . . . . . . . . . . 51

2.3.1 UV-Vis and fluorometry . . . . . . . . . . . . . . . . . . . . . . . . . 52

2.3.2 Dynamic light scattering (DLS) . . . . . . . . . . . . . . . . . . . . . 52

2.3.3 Inductively coupled plasma-mass spectrometry (ICP-MS) . . . . . . 53

2.3.4 Powder x-ray diffraction (XRD) . . . . . . . . . . . . . . . . . . . . . 54

2.3.5 X-Ray photoelectron spectroscopy (XPS) . . . . . . . . . . . . . . . 56

2.3.6 Transmission electron microscopy (TEM) . . . . . . . . . . . . . . . 57

2.3.7 Nuclear magnetic resonance (NMR) . . . . . . . . . . . . . . . . . . 60

2.4 Simulation methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3 Opto-structural characteristics of colloidal

nanoparticles 67

3.1 Ensemble fluorescent properties . . . . . . . . . . . . . . . . . . . . . . . . . 68

3.1.1 CdSe QDs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

iv



3.1.2 CdSe.CdS core-shell QDs . . . . . . . . . . . . . . . . . . . . . . . . 70

3.1.3 CdSe.ZnS core-shell QDs . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.1.4 CdSe nanorods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

3.2 Morphology and dimensions of single crystals . . . . . . . . . . . . . . . . . 73

3.2.1 CdSe cores to core-shell CdSe.CdS and CdSe.ZnS QDs . . . . . . . . 74

3.2.2 CdSe nanorods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

3.3 Crystallographic and diffraction analysis . . . . . . . . . . . . . . . . . . . . 81

3.3.1 CdSe, CdSe.CdS and CdSe.ZnS QDs . . . . . . . . . . . . . . . . . . 81

3.3.2 CdSe nanorods and gold dumbbells . . . . . . . . . . . . . . . . . . . 87

3.4 Composition studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

3.4.1 STEM-EDX: Localisation of core-shell materials in CdSe based QDs 89

3.4.2 HAADF: High contrast morphology imaging of CdSe based QDs . . 92

3.4.3 XPS: Analysis of core atom ratios and surface products in CdSe

based QDs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

3.4.4 ICP-MS: Quantitative analysis of CdSe cores . . . . . . . . . . . . . 98

4 Single molecule spectroscopy and the

modelling of exciton dynamics in CdSe QDs 100

4.1 Outlining the CTST kinetic scheme . . . . . . . . . . . . . . . . . . . . . . . 101

4.2 Introduction to the CTST energetics . . . . . . . . . . . . . . . . . . . . . . 104

4.2.1 The local dielectric environment . . . . . . . . . . . . . . . . . . . . 107

4.2.2 NMR studies of ligand surface coverage . . . . . . . . . . . . . . . . 107

4.2.3 Tunnelling geometries and exciton pathways . . . . . . . . . . . . . . 113

4.2.4 Potential energy barriers and their construction . . . . . . . . . . . . 116

4.2.5 Charge carrier confinement energies . . . . . . . . . . . . . . . . . . 119

4.3 Routes and rates of excitation and decay . . . . . . . . . . . . . . . . . . . . 119

4.4 Tuning trap depth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

4.5 Tailoring tunnelling barriers . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

4.6 Adjusting aspect ratios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

4.6.1 Quantum confined Stark effect . . . . . . . . . . . . . . . . . . . . . 136

4.6.2 Photoluminescent enhancement and decay: Life cycle of the QD . . . 138

v



5 A light at the end of the tunnel: CsPbX3 nano-perovskites 143

5.1 Optical characterisation and emission wavelength

modification through halogen exchange . . . . . . . . . . . . . . . . . . . . . 143

5.2 3D morphology of CsPbX3 nano-structures and

tomographic reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

5.3 Diffraction of CsPbX3 nano-perovskites and unit cell

construction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

5.4 Routes toward in situ synthesis of CsPbX3

nano-perovskites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

6 Future work and final remarks 158

A My macros 162

A.1 Automated focus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

A.1.1 Icon generator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

A.1.2 Home macro . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

A.1.3 Video capture tool . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

A.1.4 Calibration macro . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

A.1.5 Automated focus dialogue . . . . . . . . . . . . . . . . . . . . . . . . 167

A.1.6 Automated focus macro . . . . . . . . . . . . . . . . . . . . . . . . . 168

A.1.7 Excitation filters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

A.1.8 Emission filters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

A.2 SILAR and QY macro . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

A.3 Power-law analysis algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . 179

A.4 Power-law analysis summation . . . . . . . . . . . . . . . . . . . . . . . . . 194

A.5 Power-law analysis data aggregation . . . . . . . . . . . . . . . . . . . . . . 196

A.6 Photoinduced blueing measurements . . . . . . . . . . . . . . . . . . . . . . 197

A.7 Gillespie algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202

A.7.1 AB pseudo first order reaction . . . . . . . . . . . . . . . . . . . . . 202

A.7.2 Competitive reaction pathway . . . . . . . . . . . . . . . . . . . . . . 205

vi



B I-CCD calibration protocol 209

C Nanoparticle empirical relationships 211

D Derivations 212

D.1 The wave equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212

D.2 Wave equation solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

D.3 Complex exponential solutions . . . . . . . . . . . . . . . . . . . . . . . . . 214

D.4 The Helmholtz equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217

D.5 Fermat’s principle and Snell’s law . . . . . . . . . . . . . . . . . . . . . . . . 218

D.6 Optical efficiency and solid angles . . . . . . . . . . . . . . . . . . . . . . . . 220

D.7 Effective density of states . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222

D.8 Fermi energy of a semiconductor . . . . . . . . . . . . . . . . . . . . . . . . 224

D.9 Angular solutions of the Helmholtz equation . . . . . . . . . . . . . . . . . . 225

D.10 Radial solutions of the Helmholtz equation . . . . . . . . . . . . . . . . . . . 228

D.11 Wulff construction and relations . . . . . . . . . . . . . . . . . . . . . . . . . 230

D.12 X-ray diffraction: Laue and Bragg conditions . . . . . . . . . . . . . . . . . 232

D.13 X-ray diffraction: The Scherrer equation . . . . . . . . . . . . . . . . . . . . 234

D.14 State-filling fractions of the CTST model . . . . . . . . . . . . . . . . . . . . 235

D.15 Method of image charges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237

D.16 WKB approximation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239

D.17 Born solvation energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 241

D.18 Exciton-hole/surface-hole equilibria . . . . . . . . . . . . . . . . . . . . . . . 242

Bibliography 244

vii



List of Figures

1.1 Atomic orbitals to molecular orbitals and semiconductors . . . . . . . . . . . 3

1.2 Simple Jablonski diagram with principle exciton transitions . . . . . . . . . . 4

1.3 Constant energy Fermi surfaces and the 1D square well . . . . . . . . . . . . 6

1.4 Semiconductor density of states of 0D, 1D, 2D and 3D structures . . . . . . . 8

1.5 Fermi-Dirac distribution of n-type and p-type semiconductors . . . . . . . . . 10

1.6 Ab intio band structure of CdSe polymorphs . . . . . . . . . . . . . . . . . . 11

1.7 Tuning of the CdSe optical band gap through controlled growth . . . . . . . . 13

1.8 Calculated nanoparticle sizes through empirical and theoretical methods . . . 15

1.9 Anisotropic faceted crystal growth of PbSe nanostars and CdSe tetrapods . . 16

1.10 CdSe UV-Vis spectral assignments and the effects of size broadening . . . . . 17

1.11 Influence of altering the external potential on the exciton wavefunctions . . . 18

1.12 Nano-perovskite quantum dots and nanowire TEM images . . . . . . . . . . . 20

1.13 Single QD fluorescence trajectory profile . . . . . . . . . . . . . . . . . . . . . 22

1.14 Basic A- and B-type blinking mechanism . . . . . . . . . . . . . . . . . . . . 24

1.15 Snell-Descartes law ray diagram and evanescent field generation . . . . . . . . 27

1.16 Near-field enhancement and penetration depth of the evanescent wave . . . . 28

2.1 Typical colloidal synthesis schematic . . . . . . . . . . . . . . . . . . . . . . . 35

2.2 Laser path schematic and beam conditioning . . . . . . . . . . . . . . . . . . 41

2.3 Microscope outline and the collection of QD fluorescence . . . . . . . . . . . . 42

2.4 Optical characterisation of the microscope emission filters . . . . . . . . . . . 43

2.5 Microscope automated focus blueprint . . . . . . . . . . . . . . . . . . . . . . 44

2.6 Automated focus calibration and return beam profiles . . . . . . . . . . . . . 45

2.7 Near-field enhancement through TIRFm . . . . . . . . . . . . . . . . . . . . . 46

viii



2.8 Streptavidin sequential photobleaching . . . . . . . . . . . . . . . . . . . . . . 47

2.9 TIRFm laser footprint and beam diameter . . . . . . . . . . . . . . . . . . . . 48

2.10 Dark current and read noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

2.11 Analogue to digital camera gain . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.12 Powder XRD workflow plan . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

2.13 Interaction of x-rays with a crystal lattice and the Laue equations . . . . . . 56

2.14 Measurement of the TEM contrast transfer function . . . . . . . . . . . . . . 59

2.15 DOSY one-shot pulse sequence diagram . . . . . . . . . . . . . . . . . . . . . 61

2.16 Gillespie stochastic simulation reaction probabilities . . . . . . . . . . . . . . 63

2.17 Stochastic simulation of a pseudo first order reaction . . . . . . . . . . . . . . 64

3.1 UV-Vis and simplified band structure of core CdSe QDs . . . . . . . . . . . . 68

3.2 CdSe.CdS core-shell UV-Vis and PL profiles . . . . . . . . . . . . . . . . . . . 70

3.3 CdSe.ZnS core-shell UV-Vis, PL profiles and band offsets of alternative shell

materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.4 CdSe nanorod UV-Vis, PL profiles and STM band edge mapping . . . . . . . 73

3.5 CdSe.CdS TEM particle size distributions . . . . . . . . . . . . . . . . . . . . 74

3.6 CdSe.ZnS TEM particle size distributions . . . . . . . . . . . . . . . . . . . . 75

3.7 Definition of the effective shell radius for core-shell QDs . . . . . . . . . . . . 76

3.8 Effective shell and effective radius approximations . . . . . . . . . . . . . . . 77

3.9 Deriving the effective shell and effective radius approximations . . . . . . . . 78

3.10 CdSe core, CdSe.CdS and CdSe.ZnS core-shell DLS and TEM particle size

distributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

3.11 Particle size distributions of CdSe NRs . . . . . . . . . . . . . . . . . . . . . . 81

3.12 CdSe cores, CdSe.CdS and CdSe.ZnS core-shell XRDs and diffraction planes 82

3.13 One-pot and seeded tetrapod growth TEMs and SAED patterns . . . . . . . 83

3.14 CdSe core HR-TEM and unit cell reconstruction . . . . . . . . . . . . . . . . 84

3.15 CdSe.CdS HR-TEM and unit cell reconstruction . . . . . . . . . . . . . . . . 85

3.16 XRD and TEM analysis of wz-CdSe dots, rods and gold-dumbbells . . . . . . 88

ix



3.17 Riley-Nelson determination of the lattice constants of zb-CdSe and gold dumb-

bells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

3.18 CdSe cores, CdSe.CdS and CdSe.ZnS core-shell elemental maps . . . . . . . . 90

3.19 Moseley’s law and raw EDX spectra of CdSe cores, CdSe.CdS and CdSe.ZnS

core-shell QDs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

3.20 High angle annular dark field imaging of CdSe cores, CdSe.CdS and CdSe.ZnS

core-shell QDs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

3.21 XPS spectrum of an argon protected sample of CdSe core QDs . . . . . . . . 97

3.22 Mass spectroscopy and elemental ratios of CdSe QDs and NRs . . . . . . . . 99

4.1 Kinetic scheme of the CTST model . . . . . . . . . . . . . . . . . . . . . . . . 102

4.2 Energetic scheme of the CTST model . . . . . . . . . . . . . . . . . . . . . . 105

4.3 1D H NMR of CdSe QDs and free ODA ligand . . . . . . . . . . . . . . . . . 108

4.4 2D H DOSY of the bound and free ODA ligand . . . . . . . . . . . . . . . . . 111

4.5 Schematic and rationale of the NOE . . . . . . . . . . . . . . . . . . . . . . . 112

4.6 2D H NMR NOESY of the bound and free ODA ligand . . . . . . . . . . . . 113

4.7 Blueprint of the capture cross-section and tunnelling geometries . . . . . . . . 114

4.8 Construction of the tunnelling barriers . . . . . . . . . . . . . . . . . . . . . . 117

4.9 Size-dependent properties and rates of CdSe QDs . . . . . . . . . . . . . . . . 120

4.10 Experimental trajectory profiles of QDs in different dielectric constant sub-

strates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

4.11 Experimentally determined dielectric dependent power-laws . . . . . . . . . . 122

4.12 Simulations of QD blinking in different dielectric constant polymers . . . . . 124

4.13 Biexciton formation and the origin of the cut-off time . . . . . . . . . . . . . 125

4.14 Power dependence study and biexciton formation . . . . . . . . . . . . . . . . 126

4.15 Experimental trajectory trace trends of CdSe.CdS core-shell QDs . . . . . . . 127

4.16 Comparison of the experimental and simulated power-law statistics of CdSe.CdS

core-shell QDs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

4.17 Surface exciton-hole equilibria and intensity modulation . . . . . . . . . . . . 131

x



4.18 Altering the blinking behaviour through QD geometry . . . . . . . . . . . . . 133

4.19 Hot-hole tunnelling through reduced confinement potentials . . . . . . . . . . 134

4.20 Fate of the hot-hole under different excitation frequencies . . . . . . . . . . . 135

4.21 Spectral jittering and photoblueing . . . . . . . . . . . . . . . . . . . . . . . . 137

4.22 Mechanism of spectral jitter: Quantum confined Stark effect . . . . . . . . . . 138

4.23 Routes to degradation: Photoblueing, decay and drawings . . . . . . . . . . . 139

4.24 Irreversibility of photoluminescent enhancement and photodecay . . . . . . . 140

4.25 Photoluminescence enhancement and decay envelopes . . . . . . . . . . . . . 141

5.1 CsPbX3 perovskite UV-Vis and PL profiles . . . . . . . . . . . . . . . . . . . 144

5.2 Time-resolved halogen substitution/deposition in CsPbX3 perovskites . . . . 145

5.3 CsPbX3 perovskite TEM size distributions . . . . . . . . . . . . . . . . . . . 147

5.4 Radon transforms of the Shepp-Logan phantom . . . . . . . . . . . . . . . . . 148

5.5 Tomographic reconstruction of a single CsPbI3 nanowire . . . . . . . . . . . . 149

5.6 CsPbX3 QD diffraction patterns and atomic models . . . . . . . . . . . . . . 151

5.7 Simulated diffraction patterns of the various polymorphs of CsPbX3 QDs . . 153

5.8 Determination of various perovskite lattice constants . . . . . . . . . . . . . . 155

5.9 Facile routes to nano-auroras . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

B.1 Flat-field correction of the I-CCD . . . . . . . . . . . . . . . . . . . . . . . . . 209

B.2 Variance of the I-CCD difference image . . . . . . . . . . . . . . . . . . . . . 210

D.1 Manipulation of the electromagnetic field vectors . . . . . . . . . . . . . . . . 217

D.2 Law of reflection through Fermat’s principle . . . . . . . . . . . . . . . . . . . 219

D.3 Snell-Descartes law of refraction . . . . . . . . . . . . . . . . . . . . . . . . . 220

D.4 Bessel functions and Legendre polynomials . . . . . . . . . . . . . . . . . . . 229

D.5 Surface energy and Wulff construct of a simple cube . . . . . . . . . . . . . . 230

D.6 Parallelepiped and reciprocal space vector relations . . . . . . . . . . . . . . . 232

D.7 Strained lattice plane schematic and XRD peak broadening . . . . . . . . . . 234

D.8 Surface potentials and the method of image charges . . . . . . . . . . . . . . 239

D.9 Exciton-hole average potential barrier . . . . . . . . . . . . . . . . . . . . . . 243

xi



List of Tables

1.1 Semiconductor density of states relationships . . . . . . . . . . . . . . . . . . 9

1.2 Semiconductor effective density of states relationships . . . . . . . . . . . . . 10

3.1 Binding energy estimation through Slater’s rules . . . . . . . . . . . . . . . . 95

4.1 Charge-tunnelling and self-trapping model nomenclature . . . . . . . . . . . . 101

4.2 Dielectric dependent experimental exponents and cut-off times . . . . . . . . 123

4.3 Dielectric dependent simulated exponents and cut-off times . . . . . . . . . . 124

4.4 Shell depth dependent experimental exponents and cut-off times . . . . . . . 130

4.5 Shell depth dependent simulated exponents and cut-off times . . . . . . . . . 130

D.1 Zeroth identities of the spherical Bessel function . . . . . . . . . . . . . . . . 229

xii



List of Abbreviations

AAS Atomic Absorption Spectroscopy

ADU Analogue to Digital Unit

AOs Atomic Orbitals

BP Band Pass

CAE Constant Analyser Energy

CB Conduction Band

CCD Charge Coupled Device

CMOS Complementary Metal-Oxide Semiconductor

COD Crystallography Open Database

CPA Change Point Analysis

CQDs Carbon Quantum Dots

CSS Core-Shell-Shell

CT Computed Tomography

CTAB Cetyltrimethylammonium Bromide

CTF Contrast Transfer Function

CTST Charge-Tunnelling Self-Trapping

CW Continuous Wave

DCET Diffusion-Controlled Electron-Transfer

DDA Dodecylamine

DDAB Didodecyldimethylammonium Bromide

DFM Direct Fourier Method

DLS Dynamic Light Scattering

DM Dichroic Mirror

xiii



DoS Density of States

DOSY Diffusion Ordered Spectroscopy

DPSSL Diode Pumped Solid State Laser

DTS Dispersion Technology Software

EDX Energy Dispersive X-Rays

EELS Electron Energy Loss Spectroscopy

EMA Effective Mass Approximation

F-D Fermi-Dirac

FFT Fast Fourier Transform

FI Fluorescence Intermittency

FIONA Fluorescence Imaging with One Nanometre Accuracy

FT-IR Fourier Transform-Infrared

FWHM Full Width Half Maximum

gQDs giant Quantum Dots

GTO Gaussian Type Orbital

GUI Graphical User Interface

HAADF High Angle Annular Dark Field

HDA Hexadecylamine

HOMO Highest Occupied Molecular Orbital

HPA Hexylphosphonic Acid

HR-TEM High Resolution-Transmission Electron Microscopy

HWHM Half Width Half Maximum

IC Internal Conversion

I-CCD Intensified-Charge Coupled Device

ICP-MS Inductively Coupled Plasma-Mass Spectroscopy

ICSD Inorganic Crystal Structure Database

ISC Intersystem Crossing

xiv



KED Kinetic Energy Discrimination

LCAOs Linear Combination of Atomic Orbitals

LED Light Emitting Diode

MAS Magic Angle Spinning

MCP Micro Channel Plate

ML Monolayer

MOs Molecular Orbitals

MPA Methylphosphonic Acid

NA Numerical Aperture

NC Nanocrystal

NMR Nuclear Magnetic Resonance

NOE Nuclear Overhauser Effect

NPs Nanoparticles

NRs Nanorods

NWs Nanowires

OA Oleic Acid

ODA Octadecylamine

ODE Octadecence

ODE Ordinary Differential Equation

ODPA Octadecylphosphonic Acid

OLA Oleylamine

PALM Photoactivated Localisation Microscopy

PD Photodecay

PDDs Probability Density Distributions

PDE Partial Differential Equation

PE Photoluminescent Enhancement

PFGSE Pulsed Field Gradient Spin Echo

xv



PI Photoluminescent Intermittency

PIB Photoinduced Blueing

PIXE Particle Induced X-Ray Emission

PL Photoluminescence

PLA Photoluminescence Activation

PLE Photoluminescence Enhancement

PPA Propylphosphonic Acid

PS Polystyrene

PSDs Particle Size Distributions

pT p-Terphenyl

PVA Polyvinyl Alcohol

PVP Polyvinylpyrrolidone

QCSE Quantum Confined Stark Effect

QD Quantum Dot

QED Quantum Electrodynamics

QM Quantum Mechanics

QRs Quantum Rods

QY Quantum Yield

RBF Round Bottom Flask

RBS Rutherford Backscattering Spectroscopy

RoI Region of Interest

RPM Revolutions Per Minute

SA Stearic Acid

SAED Selected Area Electron Diffraction

SCF Self Consistent Field

SDDs Silicon Drift Detectors

SI Spectrum Image

xvi



SILAR Successive Ionic Layer Adsorption Reaction

SSA Stochastic Simulation Algorithm

SSNMR Solid State Nuclear Magnetic Resonance

STEM Scanning Transmission Electron Microscopy

STM Scanning Tunnelling Microscopy

STO Slater Type Orbital

STORM Stochastic Optical Reconstruction Microscopy

TA Transient Absorption

TBP Tributylphosphine

TCSPC Time Correlated Single Photon Counting

TDPA Tetradecylphosphonic Acid

TEM00 Transverse Electromagnetic Mode

TEM Transmission Electron Microscopy

TIR Total Internal Reflection

TIRFm Total Internal Reflection Fluorescence Microscopy

TMR Tetramethylrhodamine

TOP Trioctylphosphine

TOPO Trioctylphosphine Oxide

TOPS Trioctylphosphine Sulfide

TPs Tetrapods

UV-Vis Ultraviolet-Visible

VB Valence Band

WKB Wentzel-Kramers-Brillouin

XPS X-Ray Photoelectron Spectroscopy

XRD X-Ray Diffraction

xvii



List of Publications

MA Osborne and AAE Fisher. Charge-tunnelling and self-trapping: common origins

for blinking, grey-state emission and photoluminescence enhancement in semiconductor

quantum dots. Nanoscale, 8(17):9272–9283, 2016

Aidan AE Fisher and Mark A Osborne. Sizing up excitons in core–shell quantum dots via

shell-dependent photoluminescence blinking. ACS nano, 11(8):7829–7840, 2017

xviii



Chapter 1

Introduction

1.1 The evolution of materials

The manipulation of matter may be traced back to the Australopithecus genus of hominins

that walked the east Africa planes some 3.2 million years ago. This was the dawn of the

Stone Age and marks the birth of our quest to engineer the environment to befit our needs.

The simple transformation of stone into tools was improved by the onset of the Bronze

Age (3200−600 BC) and Iron Age (1000−100 BC). Countless delicate artifacts have since

been excavated and undoubtedly demonstrate our advancement as material scientists. The

Trundholm Sun Chariot (1500−1300 BC), Golden Hat of Schifferstadt (1400−1300 BC)

and Poulnabrone Dolmen (4200−2900 BC) exemplify the triumphs of the artisan. By

contrast the Nano Age may appear contemporary to the uninitiated which is ultimately

false. The Lycurgus Cup is an extraordinary example of fourth-century nano-assembly.

This Roman cage cup exhibits a beautiful dichroic lustre by the amalgamation of gold

and silver nanoparticles. It is unlikely the craftsmen had any knowledge of this fortuitous

impurity in the glass.

The advent of rational nanotechnology arguably arose from the departure of classical phys-

ics to quantum mechanics at the beginning of the 20th century. The discovery of the

fundamental particles by Thomson,3 Rutherford4 and Chadwick5 form the basis of our

modern conception of matter. Visionary Richard Feynman, who is renowned for his work

in quantum electrodynamics (QED) recognised the importance of how the microscopic

structure manifests at the macroscale. Many of Feynman’s predictions presented to the

American Physical Society in 19596 came to fruition. The following passage is of particular

significance for describing the exciton dynamics of quantum dots (QDs).

“Atoms on a small scale behave like nothing on a large scale, for they satisfy the laws of

quantum mechanics. So, as we go down and fiddle around with the atoms down there,

we are working with different laws, and we can expect to do different things. We can

manufacture in different ways. We can use, not just circuits, but some system involving

the quantized energy levels, or the interactions of quantized spins, etc”
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This may be regarded as the genesis of nanotechnology. The Collins English Dictionary

defines nanotechnology as, “a branch of technology dealing with the manufacture of objects

with dimensions of less than 100 nanometres and the manipulation of individual molecules

and atoms”. This definition captures the essence of this thesis but is somewhat incomplete.

Herein the nanoverse of semiconductor QDs will be examined in extensive detail, focussing

largely on the structural, electronic and size-dependent properties that govern the unique

photodynamics of these advanced materials.

To conclude, engineering at the nanoscale has, in recent times, become a dominant driver

in device manufacture where modern devices strive toward being faster, smaller and more

economic than their predecessor. The demand for small, rapid and low-cost devices may

only be realised through the advancement of nanotechnology. Naturally, several consumer

giants have showcased QD based displays at the Consumer Electronics Show (CES) 2017

which offer a superior colour gamut compared to conventional light emitting diode (LED)

displays with seemingly impossible depth dimensions. Furthermore, QD based solar devices

have recently demonstrated superior certified solar cell power conversion efficiency, where

QD solar cell architectures are becoming increasingly widespread.7 The surge in popularity

has seen the QD global markets increase exponentially where the global market revenue is

projected to be in excess of 1 billion USD by 2021 (BCC Research).

1.2 Excited states from atoms to crystals

Beyond the limits of the macroscopic environment the framework of classical Newtonian

mechanics collapses. Quantum mechanics (QM) becomes the natural language to describe

the peculiarities that arise at the near-atomic scale. An important postulate of QM is the

departure from continuous energy levels to discrete quantised states. Quantisation effects

were first described by Bohr in his seminal 1913 paper8 outlining atomic structure. The

semi-classical approach adopted by Bohr deduces the most probable electron orbital radius

for the 1
1H atom and is expressed by

α0 =
4πε0~2

m0e2
≈ 53 pm (1.1)

where the vacuum permittivity is given by ε0, the reduced Planck constant by ~, the elec-

tron rest mass by m0 and e represents the elementary charge. This relationship is readily

applicable to chalcogenide QDs which archetypally possess large dielectric constants9,10

(εCdSe = 9.2) and small effective exciton masses11,12 (me = 0.13 m0). Confinement ef-

fects become prominent for CdSe QDs with dimensions of ≤ 5.3 nm. Development of

quantum confined nanocrystals may be accredited to Ekimov13,14 in recognition of his pi-

oneering efforts during the early 1980s. Inspired by these endeavours Louis E. Brus15,16
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submitted the first quasi-classical description of exciton confinement in semiconducting

QDs.

The fundamentals of quantum mechanics have since evolved from the Bohr model to ra-

tionalise the bonding within molecular species. Naturally, the mixing of atomic orbitals

(AOs), described mathematically by the linear combination of atomic orbitals (LCAOs)

method, produces a set of molecular orbitals (MOs).17 The LCAOs is qualitatively depic-

ted through the use of MO diagrams as shown by Figure 1.1. To emphasise the successes

of MO theory inspect the typical MO diagram of dioxygen and the ligand field diagrams

of low-spin [Fe(CN)6]3− and high-spin [Fe(Br6)]3− iron complexes.

The application of MO theory correctly predicts the existence of the paramagnetic dioxygen

diradical and the magnetic moments of the iron complexes through the spin-only formula.

In general MO diagrams may only be constructed for the most basic of systems. Modelling

complex systems, such as semiconductors, where many AOs interact creates a huge number

of close energy states. In such cases, sophisticated computational methods such as Hartree-

Fock treatment are required to understand the electronic structure.
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Figure 1.1: Demonstration of MO diagrams and their ability to predict the properties of simple
chemical species. a) MO diagram of dioxygen constructed from the p-orbitals. The diradical
responsible for the paramagnetism is highlighted in red. b) Ligand field diagrams of low-spin
[Fe(CN)6]3− and high-spin [Fe(Br6)]3− complexes. Here the splitting parameter between the non-
bonding t2g and the anti-bonding eg* is small for the high-spin complex and large for the low-spin
complex. c) Semiconductors represent an extreme example of general MO theory, where many
atomic orbitals overlap which give rise to the valence and conduction bands. The Γ point highlights
the lowest energy gap between the valence and conduction band. The diagram was reproduced
from the work of Szemjonov et al.18

In a similar fashion to the simple MO diagrams outlined above, the complex interaction of

many atomic orbitals within a semiconductor gives rise to a number of energy states, where
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the lower energy valence states are typically occupied. The electrons in the valence band

may then be excited into the higher energy conduction band by a photon with sufficient

energy. In light of the immense number of states for even relatively simple examples,

Alexander Jablonski proposed the Jablonski diagram, as shown in Figure 1.2, for describing

the key optical transitions and kinetics occurring within photosensitive materials.19 One

interesting and important transition is fluorescence which will be a central theme in this

thesis. Fluorescence was first observed within a simple mixture of sulphate of quinine by

Sir John Herschel in 1845.20 It was noted that under certain incidences of light the solution

would emanate a beautiful celestial blue. The word fluorescence is a portmanteau derived

from fluorspar and opalescence. It was coined by Stokes in 1852.21

“I am almost inclined to coin a word, and call the appearance fluorescence, from fluorspar,

as the analogous term opalescence is derived from the mineral ”

λex λfluor λphos

S0

S1

S2

T1

IC

ISC

2
1
0

3

2
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3
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3
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Figure 1.2: Jablonski diagram depicting the principle transitions available to a system that has
absorbed a photon of energy λex. Radiative processes λfluor and λphos are shown by solid arrows.
Non-radiative processes, such as internal conversion (IC) and intersystem crossing (ISC), are shown
by dashed lines. Vibrational energy levels within different singlet states (S0), (S1) and (S2) are
labelled 0, 1, 2 and 3. The triplet state is labelled (T1). The triplet state is typically lower in
energy than the corresponding singlet state. Here, the triplet state spin wavefunction is symmetric
and must have an anti-symmetric spatial wavefunction component. Conceptually, this gives rise
to a Fermi-hole, where Coulomb repulsions between parallel spin electrons are minimised.

In general electrons may be excited from the ground state, S0, to the second excited elec-

tronic state, S2, by absorbing a photon of sufficient energy, λex. Typically the excitation
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transition occurs at femtosecond timescales (10−15 s). The rapidity of this transition form-

ally allows the deconvolution of the nuclear, ψnuc, and electronic, ψelec, wavefunctions

by adopting the Born-Oppenheimer approximation. The separation of the wavefunctions

relies on the nuclear coordinates remaining static during the electronic rearrangement.

Essentially the nucleus is clamped by virtue of the nuclear mass outweighing the electron

mass (mnuc ≈ 1835melec). Quantum mechanically the transition strength between state

wavefunctions is defined by the Frank-Condon overlap integral

∣∣∣∣∫ ψS2

vib(R) · ψS0

vib(R)dR

∣∣∣∣2 (1.2)

where ψS2

vib and ψS0

vib are the vibrational wavefunctions of the second excited state and

ground state, respectively. The overlap integral equates to unity when both wavefunctions

overlap perfectly. The wavefunctions may be real or imaginary therefore the Frank-Condon

factor
∣∣∣ψSnvib∣∣∣2 negates any imaginary parts.

Relaxation from the second excited state, S2, to the first excited state, S1, typically occurs

on the picosecond time scale (10−12 s) through internal conversion (IC) of energy to heat

via vibrational excitation and relaxation. The process is responsible for the perceived

redshift or Stokes shift in the fluorescence emission wavelength, λfluor. It is important to

discriminate IC from intersystem crossing (ISC) where ISC requires a spin state change to

a state of different multiplicity. Radiative decay from the triplet state, T1, to the ground

state, S0, is relatively slow since the transition must be accompanied by a change in spin

state to preserve the Pauli exclusion principle, which strictly forbids the transition. Spin-

orbit coupling relaxes the selection rule allowing slow relaxation to the ground state. The

spin forbidden phosphorescent transition leads to the radiative lifetimes being significantly

different from fluorescent lifetimes (τphos >> τfluor ≈ 10−9 s).

1.3 Fluorescent nanocrystals

In recent years QDs have become ubiquitous in a plethora of novel nanoscale applica-

tions. Spectacular advances have been made using these diverse materials in areas ranging

from modern displays22–24 and biological labels25–27 to photovoltaics.28–30 The outstand-

ing quantum yields (QYs),31 narrow full-width half maxima (FWHM)32 and unsurpassed

processability33 deliver an exciting prospect of new and improved applications of QDs in fu-

ture nanotechnologies. However, a number of features in the fluorescence of these materials

have recently been identified that can be detrimental to the performance of QDs in var-

ied applications and devices.34–39 These instabilities include: fluorescence intermittency
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(FI), the process of stochastic switching between long-lived radiative and non-radiative

states, photoluminescence enhancement (PLE) and photodecay (PD) from QD structural

changes and photoinduced blueing (PIB) of QD emission under continuous excitation.

This thesis reports research undertaken to understand these phenomena through the con-

trol and manipulation of the structure and composition during nanoparticle synthesis and

the spectroscopic characterisation of QDs at the single molecule level.

1.3.1 Semiconductor density of states

The size-dependent emission of QDs may be understood by considering how the density of

states (DoS) changes under different boundary conditions. The DoS expounds the union

between the energy of a system and the number of available states. At the nanoscale,

the DoS is dramatically different to the bulk. Isolated free atoms reveal sudden discon-

tinuities between accessible states. In contrast, bulk condensed matter exhibits a smooth

continuous distribution of accessible states, which merge to form a continuum in the bulk.

The emergence of exciton confinement originates from the boundary conditions, which are

entwined with material dimensionality, as exemplified by Figure 1.3.
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Figure 1.3: Schematic of the constant energy surfaces for a) 3D bulk, b) 2D quantum well, c) 1D
quantum wire and d) 0D quantum dot. The enclosed volume, area or length in k-space is related
to the energy through a dispersion relation given by ω = kc where ω is the angular frequency, k
is the wavevector and c is the speed of light. e) Outline of the particle in a box. The electron is
confined between x = 0 and x = L where the wavefunction solutions for n = 1, 2 and 3 are red
sinusoids.

The discrete energy levels associated with zero dimensional QDs are akin to the sharp spec-

tral lines observed in atomic emission40 and absorption41 spectroscopy. The comparison
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between QDs and single atoms is epitomised by the often used expression artificial atom

to describe these materials. In order to appreciate wavefunction constraints consider the

time independent Schrödinger equation.42

− ~2

2m

d2

dx2
ψ(x) + V (x)ψ(x) = Eψ(x) (1.3)

In the case of a one dimensional square well an electron is confined within an infinitely

deep potential, where the potential is zero inside the box. In this instance the Schrödinger

equation may be written as

− ~2

2m

d2

dx2
ψ(x) = Eψ(x) (1.4)

where solutions to the Schrödinger wave equation take the form of

ψ = αcoskx+ βsinkx (1.5)

where making the substitution for k yields Equation 1.6.

k =

√
2mE

~2
(1.6)

Equipped with this knowledge contemplate now the Fermi sphere in Figure 1.3. Every

point on the spherical surface is by definition exactly equal. The DoS may be realised from

the total sphere volume and the volume of a single state within the sphere. The number of

states encapsulated by the Fermi sphere after accounting for spin and spatial degeneracy

is defined as

NStates =
1

4
× 4

3
πk3

(
L

π

)3

(1.7)

NStates =
V k3

3π2
=

(
V

3π2

)(
2mE

~2

)3/2

(1.8)

where V was set equal to L3. Solving for k generates

k =

(
3π2NStates

V

)1/3

(1.9)

lastly Equation 1.6 is employed to arrive at Equation 1.10.

E = ~2

(
3π2NStates

V

)2/3

2m
(1.10)

This is the relationship between the Fermi level and the number of states within an en-

closed surface. The density of states, Nstates/V , may be derived from Equation 1.8 by
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differentiating with respect to the energy, such that

NStates
V

=

(
1

3π2

)(
2m

~2

)3/2 d

dE
E3/2 (1.11)

this ultimately simplifies to Equation 1.12 in 3D space.

ρ(E) =

(
1

2π2

)(
2m

~2

)3/2√
E (1.12)

The manipulation of the constant energy surface has a colossal impact on the number of

states per unit of space, as previously alluded to. In the spirit of the former methodology

it is simple to deduce the DoS for lower order degrees of freedom. These dependencies

are captured graphically in Figure 1.4. As one approaches the 0D limit we observe single

discrete states described by the delta function. Table 1.1 examines the mathematical DoS

definitions.
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Figure 1.4: Representations of the DoS for a) 3D bulk, b) 2D quantum well, c) 1D nanowire and
d) 0D QDs revealing the subtle progression from continuous to discrete states. e) Shows the band
structure for an intrinsic 3D semiconductor, where Ef is the Fermi level.

In the context of QD fluorescence, the DoS rationalises the observed broad absorption and

narrow emission spectra recorded by UV-Vis and fluorescence spectroscopy. Conceptually,

absorption of a photon with sufficient energy to overcome the band gap results in the

promotion of an electron from the valence band (VB) into the conduction band (CB), where

the CB centre comprises a high DoS. Typically, the excited electron will rapidly dissipate

energy through internal conversion. The narrow emission spectra arise from radiative

relaxation from the CB fringes where the DoS is consistent with a 0D structure.43



9 SECTION: 1.3

Density of States

Dimensions ρ(E)

3D
(

1
2π2

) (
2m
~2
)3/2√

E

2D m
π~2
∑

nz
Θ(E − En)

1D 1
π

√
2m
~2

1√
E

0D 2δ(E − En)

Table 1.1: Description of the DoS within different confinement manifolds. Here the Heaviside step
function is given by Θ(E −En). Importantly, 0D structures indicate a delta function dependency.

Whilst the DoS bestows upon us an understanding with regard to the number of states

it does not provide any information about the distribution of fermions throughout the

energy levels. The probability of an exciton residing at a particular energy level is formally

described by Fermi-Dirac statistics.

1.3.2 Fermi-Dirac distribution

The Fermi-Dirac distribution44 is a probabilistic sigmoidal function that accounts for the

distribution of particles with non-integer spin throughout the DoS manifold.

Since an overwhelming number of QD photo-emission models are built from the foundations

of band theory45–50 it is worth considering in detail the concepts of band structure and how

the F-D distribution accounts for experimentally observed phenomena. The probability

that a fermion will populate a particular energy state is denoted by

Pe(E) =
1

1 + e
(E−µ)/kBT

(1.13)

where the term µ is the chemical potential, kB is the Boltzmann constant and T is the

absolute temperature. As the system approaches absolute zero the chemical potential tends

toward the Fermi energy. The Fermi-Dirac distribution is illustrated by Figure 1.5 at four

different temperatures.

In the first instance the F-D function may be integrated to recover the effective density of

electrons in the CB or holes within the VB. The integral for the CB is defined as

Nc =

∫ ∞
Ec

Pe(E)ρ(E)dE (1.14)
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where several steps of substitution and subsequent integration for the 3D bulk CB gives

the relationship

Nc =

(
1

2π2

)(
2me
~2

)3/2 (
kBT

)3/2
e
−
(
Ec−Ef

)
/kBTΓ

(
3

2

)
(1.15)

where Nc is the concentration of charge carriers within the conduction band for a given

energy. The gamma function is a standard solution to the Euler integral of the second

kind.51 A more thorough working may be found in Appendix D.7.
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Figure 1.5: Fermi-Dirac distribution of n-type and p-type semiconductors. a) Fermi-Dirac dis-
tribution at 0.1, 1.0, 10.0 and 100.0 K for an intrinsic semiconductor. At low temperature the
distribution approximates to a step function. b) Band structure of an n-type semiconductor. c)
Band structure of a p-type semiconductor. The blue dots show the F-D distribution. The red
dashes give the Fermi level.

The results from the integration of the DoS for different confinement regimes, after ac-

counting for the F-D distribution, are given by Table 1.2.

Effective Density of States
Dimensions nc(E)

3D 2

(
2πmekBT

h2

)3/2

2D me
π~2kBT

1D
√

mekBT
2π~2

0D 2

Table 1.2: Evaluation of the effective DoS within different confinement regimes. In the 0D limit
energy levels become atomistic, reducing state occupancy in accordance with the Pauli principle.
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Pictorially Nc is the area encompassed by both the CB DoS and the F-D distribution as

depicted in Figure 1.5. The effective DoS has important implications when engineering

extrinsic semiconductors. Subtle n-type and p-type doping52 can have an extraordinary

effect on the properties of a material. Recently, the field of doped nanocrystals, as a way

of manipulating optical properties, has come under scrutiny.53–56

The development of modern p-n junctions by way of doped nanostructures is of particular

interest. At present hybrid materials have been employed as gas sensors,57 photocatalysts58

and as diodes.59 State-of-the-art scanning tunnelling microscopy (STM) discloses matchless

DoS mapping with nanometre precision to understand exciton formation and recombination

in these systems. Specifically, mapping of single Cu2S/CdS nanorod junctions have been

studied which show band bending within the proximity of the depletion zone.60

Computational techniques, such as Hartree-Fock type methodology, expose the complexity

of the band structure of semiconductors. Figure 1.6 implements a double-zeta Gaussian-

type orbital (GTO) basis set. The GTOs introduced by Boys61 take the form

ψijk(r1 − rc) = (x1 − xc)i(y1 − yc)j(z1 − zc)ke−ζ|r1−rc|
2

(1.16)

where the Cartesian coordinates (xc, yc, zc) give the centre of the Gaussian function at rc
and the electron coordinates are (x1, y1, z1). The exponents i, j and k are non-negative

integers that describe the orbital type, for example, i = j = k = 1 represents an s-type

orbital. The use of GTOs is, in general, more rapid computationally than the use of

Slater type orbitals (STOs) since two single Gaussian wavefunctions at different atomic

centres, which combine to form a molecular state, can be readily expressed as a single

Gaussian through the Gaussian product theorem, thus easing integration of the Schrödinger

Hamiltonian.

a b

E(k)

k

c

1.
74

 e
V

Γ

CB

VB

Figure 1.6: Ab intio band structure of CdSe polymorphs. a) Band structure of bulk wurtzite
CdSe polymorph and b) zinc blende band structure of CdSe. This figure was reproduced from the
work of Szemjonov and co-workers using double-zeta valence basis sets.18 c) Enlargement of the
band edges at the Γ point of the Brillouin zone. The Γ point for both polymorphs represents the
lowest energy gap in this direct band gap material.
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The iterative self-consistent field (SCF) is calculated from the defined basis set through

Ĥ1
i = Ĥ0

i +
∑
j 6=i

Ĵ0
j (i) (1.17)

here Ĥ0
i and Ĵ0

j (i) define the zeroth order Hamiltonian and Coulomb operator respectively.

The improved first approximation of the Hamiltonian, Ĥ1
i , is then substituted into the

eigenvalue equation to obtain improved wavefunctions of orbital φ1
i

Ĥ1
i φ

1
i = ε1

iφ
1
i (1.18)

the corrected wavefunctions are then substituted into the Coulomb operator term

Ĵ1
j (i) =

〈
φ1
i

∣∣ 1

rij

∣∣φ1
i

〉
(1.19)

in this way the process is repeated many times to refine the Hamiltonian and Coulomb

terms. The total energy of system may be expressed using the expectation values of the

corrected Hamiltonian and Coulomb terms to arrive at

Etotal =
n∑
i=1

ε0
i +

n∑
i<j

Jij (1.20)

where the term ε0
i gives the energy of a single electron moving within a potential. Similarly

Jij gives the electrostatic energy between two charges described by the eigenfunctions |φi|2

and |φj |2.

1.3.3 Optical properties and spectroscopy

It is fortunate that for quantum dots many of their gross properties can be described much

more simply through basic particle in a box and electrostatic arguments. Quantum dots

present unique optical properties quite unlike anything encountered at the macroscale.

Perhaps the most widely reported distinction is their size-tunable band gap. A particle in

a sphere model of excitons in QDs was proposed by Brus15,16 soon after their inception.

In practice, isolating monodisperse QDs of a desirable wavelength is achieved by removing

aliquots during QD growth. The withdrawal of samples over a temporal range of five

minutes is presented in Figure 1.7. Alteration of the QD diameter effectively compresses the

exciton wavefunction for small QDs. This may be envisaged by considering the 1D infinite

square well in Figure 1.3. The transition to large QDs is accompanied by a bathochromic

shift.
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Routinely QDs with narrow FWHM and quantum yields in excess of 10% may be produced.

Passivation of QDs through inorganic epitaxial shell growth boosts QYs to over 40% with

some groups reporting near unity efficiencies.62–66 This is especially true for graded complex

shells such as CdSe.CdS.ZnS core-shell-shell (CSS) QDs. The average fluorescence lifetime

of bare CdSe QDs is frequently reported to be between 10 and 50 ns,67–69 which was found

to be in agreement with ensemble lifetime measurements reported by Figure 1.7.

4 5 0 5 0 0 5 5 0 6 0 0

2

4

6

8

5 0 0 5 5 0 6 0 0

1 0 0 2 0 0 3 0 0

2
4
6
8

1 0

1 0 0 2 0 0 3 0 0
- 5
0
5

 Ab
so

rba
nc

e (
arb

.un
its)

 W a v e l e n g t h  ( n m )

a

b

 

 

 

 PL
 (n

orm
alis

ed
)

 

2 . 7  n m

3 . 5  n m

3 . 9  n m
3 . 7  n m

3 . 0  n m
2 . 8  n m

 T i m e  ( n s )

 Co
un

ts 
(x1

03 )

c
 

 T i m e  ( n s )

 Re
sid

ua
ls

Figure 1.7: Observation of the fluorescence and absorption properties of CdSe QDs with vary-
ing diameters. a) Demonstrates the size-tunable UV-Vis absorption spectra of colloidal CdSe
nanoparticles in hexane. The inset shows the samples illuminated by 365 nm UV light. b) Cor-
responding normalised PL spectra exhibiting narrow FWHM ≈ 27 nm. c) Time-correlated single
photon counting (TCSPC) of CdSe QDs within a cuvette. The average fluorescence lifetime was
33.9 ns.

A number of techniques may be used to estimate the QD size. The simplest method

is via an empirical fitting function derived by Peng and co-workers.70 The function was

determined by correlating QD size, as measured by TEM, with the first exciton absorbance

wavelength. QD diameter was found to follow the functional dependency

D = (1.6122×10−9)λ4−(2.6575×10−6)λ3+(1.6242×10−3)λ2−(0.4277)λ+(41.57) (1.21)

where the symbol λ is the first exciton absorbance wavelength and D is the average QD

diameter. Additionally, it is useful to know the concentration of QDs in solution. This

may be measured using a second empirical relation70

ε = 5857(D)2.65 (1.22)



14 SECTION: 1.3

and, of course, the Beer-Lambert law71

A = εcl (1.23)

where absorbance is given by A, the molar extinction coefficient is ε, l is the path length

and c the concentration. Similar relations for CdTe and CdS are included for completion in

Appendix C. Comparison between the purely empirical approach by Peng and the theoret-

ical method by Brus invites some interesting points of note. The Brus model formulates the

energy of a transition, EQD, as the sum of the bulk band gap, Eg, and the exciton confine-

ment energy, Eex. The Brus equation is a convolution of the exciton confinement energy

solved for a spherical potential well, a Coulombic attraction term between the electron and

hole and a polarisation term. In order to grasp the concepts of exciton confinement within

a QD the Schrödinger equation must be analysed through spherical polar coordinates.

− ~2

2m
∇2ψ = Eψ (1.24)

This may be expressed as the Helmholtz equation by setting k =
√

2mE/~2 which gener-

ates

(∇2 + k2)ψ = 0 (1.25)

where expressing the Laplacian in spherical polar coordinates gives Equation 1.26.

∇2 =
1

r2

∂

∂r

(
r2∂f

∂r

)
+

1

r2sinθ
∂

∂θ

(
sinθ

∂f

∂θ

)
+

1

r2sin2θ

∂2f

∂φ2
(1.26)

Importantly, the solutions to the radial equation take the form of spherical Bessel functions

jn(r) =

√
π

2r
Jl+1/2(r) yn(r) =

√
π

2r
Yl+1/2(r) (1.27)

where Jl and Yl are the ordinary Bessel functions and the angular solutions, not shown

here, take the form of spherical harmonics. A graphical presentation of these functions

may be found in Appendix D.9 and D.10 supplemented with a derivation on the origins of

the equations outlined here. To remain instructive the outcome of these equations show an

inverse size-dependence on the exciton confinement energy, where the band edges take the

form of a parabolic potential and the curvature will depend on the effective mass of the

electron or hole, as demonstrated earlier by Figure 1.6. Alternatively, as the size of the QD

increases the emission undergoes a redshift. Further perturbations to the exciton energy

are made through a Coulombic attraction term, which acts to squeeze the band edges

together along with a crystallographic polarisation term. The complete Brus equation is

presented below

Eex =
h2

8R2

(
1

me
+

1

mh

)
− 1.8e2

4πεCdSeε0R
+
e2

R

∞∑
n=1

αn

(
S

R

)2n

(1.28)
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where the transition energy is

EQD = Eex + Eg (1.29)

here R is the QD radius, h is Planck’s constant, e is the elementary charge, me and mh are

the effective masses of the electron and hole, respectively, εCdSe is the dielectric constant

of CdSe, ε0 is the permittivity of free space, EQD is the QD VB edge to CB edge transition

energy, Eg is the bulk band gap of the material and Eex is the exciton confinement energy.

Omission of the polarisation term from the Brus formula leads to overestimation of QD

size, particularly at small radii. A comparison with the empirically determined QD size

reveals the correctional polarisation term as well as corrections that account for the strict

assumptions on which the Brus model is based. That is the QD is: i) not an infinite

potential well; ii) is not spherical, but faceted; iii) is not a uniform dielectric, but a real

crystal lattice. Extrapolation of the data toward large radii uncovers a convergence at about

650 nm coincident with the polarisation term tending toward zero. This is exemplified in

Figure 1.8.
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Figure 1.8: Comparison between QD radii calculated using the empirical Peng and theoretical
Brus relations. a) QD diameter calculated using an empirical (red) and theoretical (black) ap-
proach. The methods converge for large QD radii. b) The correctional polarisation term and
other small correctional terms were determined by altering the Brus expression to match the true
empirical values. c) Discloses the radii convergence of the two methods as a function of QD size.

Whilst the Brus equation offers an interesting glance at theoretical semiconductor physics it

somewhat oversimplifies the QD system. Typically, eigenfunctions are found for a perfectly

spherical system. Single CdSe QDs, in reality, are highly faceted structures. Highlights

of anisotropic growth include the synthesis of PbSe nanostars,72 where, in the extreme
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case CdSe tetrapods33,73 and octapods74 may be produced. Typically, NC morphology

is investigated using electron microscopy, where Figure 1.9 demonstrates the diversity of

nanostructure shapes and the highly faceted nature of NC surfaces. Anisotropy emerges

from the underlying faces of the QD seed. The global 3D structure of a NP reflects the

periodic arrangement of the atoms throughout. II-VI colloidal NPs often adopt the cubic

or hexagonal crystal phase at room temperature. Exploiting the primary structure has

allowed many morphological variations to be reported. The Alivisatos group were among

the first to communicate shape control.75–77 The equilibrium shape of a NC is dictated by

its surface energy leading to a number of geometric configurations. The Wulff construct

for both hexagonal and tetragonal NPs accentuates the crystalline faces.

100 nm 25 nm 30 nm

a b c

Figure 1.9: Examples of anisotropic growth of single NCs. a) TEM of in-house synthesised PbSe
colloidal nanostars. b) Single PbSe nanostar showing clear anisotropic growth from the faceted
seed. The red outline gives the rough boundary of the seed. c) Side view of a single CdSe tetrapod
with high aspect ratio arms.

Principally, the Wulff surface constructs divulge the equilibrium shape of small crystal-

lites.78 Heuristically, the Wulff approach optimises the surface energy for a fixed volume.

Gibbs proposed that a droplet or particle will adopt the shape that minimises its surface

energy according to79

∆G =
∑
i

γiOi (1.30)

where the Gibbs free energy is ∆G, the surface energy of the ith crystal face is γi and Oi
is the area of the ith face. A simple cubic system is considered within Appendix D.11,

where energy optimisation is achieved through the use of Lagrange multipliers.

In addition to non-uniform growth, further complexities are introduced by the advent of

polydispersity within a population. The resulting inhomogeneous broadening of UV-Vis

spectra is indicative of a finite distribution of QD radii about some nominal size. The effect

that different size distributions have on the optical properties is reported by Figure 1.10.

In general, size distributions within this work approximate to a Gaussian as evidenced by

TEM measurements. Accordingly, the line shape of absorbance data is clearly a signature

of the sample dispersion. In practice, it is possible to obtain extremely narrow size ranges

allowing the assignment of discrete spectral transitions. Spectral line shapes of core-shell
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QDs are expectedly broader than their CdSe counterparts as a result of imperfect shell

growth. Simplicity dictates that the QD should be theorised as a perfectly homogeneous

unit yet in reality dislocations, point defects and local clustering of surface ligands will

all perturb the system. Single QDs are, in general, highly crystalline periodic structures,

however, crystal twinning effects can massively disrupt atomic regularity. The use of HR-

TEM resolves a multitude of faults even in QDs.80 In this instance, significant revision of

Equation 1.28 would be required.
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Figure 1.10: CdSe UV-Vis spectral assignments and the effects of size broadening. a) Ensemble
UV-Vis spectra of wurtzite CdSe QDs (wz-CdSe) and zinc blende CdSe QDs (zb-CdSe). The red
dashed line superimposed over the wz-CdSe profile (top) indicates the line shape for a broad sample
dispersion. Comparatively the lower red dashed line is illustrative of a narrow size distribution.
b) and c) are the corresponding x-ray diffraction (XRD) peaks of wz-CdSe and zb-CdSe QDs
respectively. Stick patterns of the diffraction peaks are inset.

Following the confinement term, the Coulomb segment of Equation 1.28 develops from the

laws of Gauss and Faraday. The equations can be remodelled as Poisson’s equation and

solved using Green’s function. Briefly, the Gauss law is given by

∇ ·D = ρf(r) D = εE (1.31)

where D is the electric flux density, ρf(r) is free electric charge density, ε is the media

permittivity and E is the electric field vector. Substitution leads to Equation 1.32.

∇ ·E =
ρf(r)
ε

(1.32)
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Since the Laplacian is a linear operator it can be shown that the function −ρf(r)/ε com-

bined with Green’s function for the 3D Laplacian is a solution to the Poisson equation.

φ(r) = −
ρf(r)
ε

(
− 1

4πr

)
(1.33)

φ(r) =
ρf(r)
4πεr

(1.34)

In the context of electron hole pairs within QDs, further knowledge of the exciton wavefunc-

tions is required. Explicitly, the radial wavefunctions describe the distribution of electrons

and holes confined to a sphere where an infinite potential prevails at the sphere inter-

face. Computational studies by Banyai and colleagues81 remark upon the radial density

functions under different confinement potentials. In the case of an infinitely high potential

φ(r) = − 1.8e2

4πεCdSeε0R
(1.35)

which is, of course, the Coulomb attraction term from Equation 1.28, within the effective

mass approximation (EMA) manifold. The EMA model rather crudely assumes that the

potential barrier at the QD boundary tends toward infinity and electron-hole pair envelope

functions take the form ψ(r) = 1
r sin(2πr/d).82 Ab initio calculations conducted by Zunger

show that the EMA overestimates the Coulomb term by up to 40% for small QDs.83 The

radial wavefunctions are shown by Figure 1.11.

0 . 2 0 . 4 0 . 6 0 . 81 5 2 0 2 5 3 0

2

3

4

5
1

2

1

2

1

2

 

b

 r / R

 

d

 

 

c

Co
ulo

mb
 en

erg
y u

ns
cre

en
ed

 (e
V)

 Q D  d i a m e t e r  ( � )

a

~ 1 . 8  e V

 

 

 Ra
dia

l d
en

sity
 

 

Figure 1.11: Influence of altering the external potential on the exciton wavefunctions. a) Un-
screened Coulomb energy for a range of QD sizes calculated through the EMA (black) and ab
initio methods (red dash) reproduced from Öğüt and co-workers.82 b−d) Representations of the
radial wavefunctions of the hole (black) and electron (red dash) replicated from Banyai et al.81
The exterior potential was varied from infinity to 30.0 Er (top to bottom). Here Er is the Rydberg
energy and R is the Bohr radius.
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In conclusion, the EMA adopted by Brus converges with ab initio techniques for large CdSe

QDs. At diameters of less than 3 nm the unscreened Coulomb energy term is somewhat

overestimated by the EMA. Radial wavefunctions show that in the completely confined

system both electron and hole wavefunctions overlap strongly. Accordingly, a strong Cou-

lomb attraction will act upon the electron-hole pair. Realistically, external potentials will

not approach infinity.

1.3.4 Synthetic methods and applications

II-VI colloidal NPs were historically produced from highly toxic and pyrophoric dimethyl

cadmium and selenium powder precursors.84–86 Attempts to sharpen emission profiles

through post-synthetic size selective precipitation was employed in many early papers.87–89

More recently huge advances have been made toward monodisperse QDs using the more be-

nign oxide of cadmium. The CdO hot-injection method of QD synthesis is now ubiquitous

in many labs,90–92 where other methods of QD fabrication include flow chemistry93–95 and

microwave assisted routes.96–98 Unfortunately, chalcogenide QDs are not compatible with

biological environments, hence the development of non-hazardous QDs continues to be an

active area of research. Carbon QDs (CQDs) offer much promise as biological labels.99,100

At present the QY of CQDs rarely exceeds 20%, although some publications claim almost

unity under optimal synthetic conditions.101

Unpassivated QDs, in general, demonstrate poor photostability and low QYs. These det-

rimental attributes limit use in practical applications. Furthermore, rapid photobleaching

of bare QDs presents challenges at the single molecule scale. In particular, the study

of stochastic blinking of single QDs is hindered by bleaching effects. An abundance of

literature papers model fluorescence intermittency data with truncated power-law stat-

istics.48,102–108 The primary requisite of such a study is the need for large datasets. An

extensive study by Crouch addresses sampling and threshold issues.109 To meet the need

for greater stability and enhanced QYs, epitaxial shells of ZnS35 and/or CdS86,110 have

been grown over bare QDs. Endeavours by the Bawendi lab have confirmed through x-

ray photoelectron spectroscopy (XPS) that the shell behaves as a sacrificial barrier to

photo-oxidation.35 Moreover, the enhanced QYs originate from ionisation prevention and

suppression of an Auger-type quenching mechanism.47,111–114

Traditionally, shell growth protocols employed hazardous diethyl zinc and dimethyl cad-

mium reagents. A major leap in methodology may be ascribed to the advent of the

successive ionic layer adsorption reaction (SILAR).115–118 The approach negates the need

for pyrophoric materials and tremendously improves the degree of control over shell ar-

chitecture. Research within the domain of QDs is not limited to II-VI colloidal QDs. A
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wealth of III-V (InAs, GaAs, InP)119–123 and IV-VI (PbS, PbSe, PbTe)124–128 derivatives

have been recorded for use as infrared detectors,129 solar cells130 and lasing media.131

More recently, highly fluorescent nano-perovskites have become the subject of intense re-

search. Impressively, QYs in excess of 70% are readily observed, especially for the CsPbBr3
stoichiometry. The QYs of perovskite QDs far out-compete their chalcogenide cousins even

when no shell material is present. A collection of fluorescent photos and TEM images of

the perovskites is presented in Figure 1.12. At the time of writing, no shelling procedure

has yet been published. This new class of nanomaterial is likely to share many mechan-

istic pathways132–134 with traditional QDs; therefore one would postulate that overcoating

CsPbBr3 with higher band offset CsPb(Cl0.5Br0.5)3 should produce near-unity QYs. The

perovskite class of QDs was initially published by Protesescu et al.135 Applications include

QD lasers136–138 via exploitation of the low amplified spontaneous emission threshold, LED

lighting139 and as ultra-sensitive gamma-ray detectors.140

a b c

20 nm 200 nm

Figure 1.12: Nano-perovskite quantum dot and nanowire TEM images. a) Brightfield TEM
image of CsPbBr3 QDs produced using the protocol of Protesescu.135 Inset, selected area electron
diffraction (SAED) pattern showing diffraction rings consistent with orthorhombic lattice sym-
metry. b) Vials of isolated CsPb(Cl0.5Br0.5)3 (blue), CsPbBr3 (green) and CsPbI3 (red) QDs in
hexane. c) TEM of perovskites nanowires (NWs) collected into a bundle.

1.3.5 Colloidal growth kinetics

In situ measurements suggest five distinctive stages of QD growth.141 Photoluminescence

spectra commence with an asymmetric profile proceeded by size focussing. Growth con-

cludes with ripening and defocussing.142 This is apparent within the spectral profiles of

Figure 1.7. Briefly, early-stage growth shows a rapid increase in QD concentration im-

mediately following nucleation.143 Speculatively, the fast formation of QDs may lead to

aggregation and fusing of QDs. This may be responsible for the recorded small long

wavelength peak at short reaction times. This is quite different to magic-sized clusters

which were not observed here, most likely due to low monomer concentrations, but have

been recorded elsewhere.141 Magic size clusters are sub-QD size clusters that appear as

sharp, short wavelength (250−380 nm) transitions. One example is the Cd17 cluster.144,145
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Prolonged reaction times show spectral broadening of the FWHM. Ostwald ripening kinet-

ics dictate that QD concentrations fall as small NCs dissolve/become smaller and deposit

onto larger QDs thus imparting a defocussing of the size distribution.

CdSe QDs ordinarily adopt either the F43m or P63mc geometries, which are more com-

monly known as the zinc-blende and wurtzite structures. Examination using Ostwald’s

rule of stages146 has offered new insight into the crystallisation process.147 QDs recovered

after short reaction times form the kinetic F43m phase. Solvothermal heating of the cu-

bic phase leads to a pseudo zinc-blende phase followed by the thermodynamic wurtzite

product. Ostwald’s rule of stages states:

“When leaving a given state and in transforming to another state, the state which is sought

out is not the thermodynamically stable one, but the state nearest in stability to the original

state”

In contrast to phase transition techniques, changing the coordinating ligand can have a

significant effect on QD structural properties. Impressively, it was found here that adding

small amounts of cetyltrimethylammonium bromide (CTAB) surfactant to the perovskite

reaction mixture led to the formation of high aspect ratio NWs. This is obvious from Figure

1.12. To the author’s knowledge, this is the first report of using CTAB in this way although

it should be noted others have trialled alkylamines and carboxylic acids.148–150 Variation

of morphologies is due to the preferential binding of ligands to particular facets.151,152 This

has motivated efforts to study ligand interactions more closely using the nuclear Overhauser

effect (NOE),153 diffusion-ordered spectroscopy (DOSY),154–157 XPS158,159 and Rutherford

backscattering spectrometry (RBS).160,161

1.3.6 Photophysical properties at the single QD level

Thus far, only ensemble-averaged measurements have been considered. The ability to

observe single QDs deconvolves the properties of the ensemble population into singular

fluorescent entities. Singular QDs exhibit photoluminescence activation (PLA),162 inter-

mittency,1,163,164 photoblueing165–167 and photoluminescence enhancement (PLE).168 A

typical single QD fluorescence trajectory is shown in Figure 1.13 over different time re-

gimes, where a clear intensity envelope of PLE and photodecay develops over the lifetime

of the QD, interrupted by the stochastic blinking behaviour associated with single QDs.

The intermittency phenomenon is ubiquitous across a number of 0D and 1D nanostruc-

tures.169–171 It is the manifestation of dark and bright-states that evolve from a single

QD under continuous laser irradiation. It has been suggested that dark-states are a con-

sequence of QD charging, by the loss of an electron or hole from the parent QD, and
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subsequent exciton trapping in the host. Exciton radiative recombination is quenched

through a non-radiative Auger process. Hence, probing on/off event durations provides a

direct path to elucidating the underlying mechanisms that govern this ubiquitous fluores-

cence switching process. It is customary to reduce blinking data into probability density

distributions (PDDs). The blinking dynamics associated with QDs are highly distributed

and indicate the length of on- and off-times, which are obtained from the gradient and

cut-off times extracted from PDDs using a truncated power-law given by

P (ton) = At
−αonon e−ton/τc (1.36)

where P (ton) is the probability of an on, fluorescent state event of length t, αon represents

the on gradient, and τc is the characteristic cut-off time.
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Figure 1.13: Single CdSe QD fluorescence profile demonstrating the intermittency behaviour
under continuous 473 nm laser irradiation. a) Single crystal trajectory trace over 1000 seconds
b) Trace expanded about 400 and 600 s, where the red lines indicate the time segment that has
been expanded. c) Trace expanded about 500 and 525 s, where the blue lines show the expanded
section. The red dash line (bottom) simply shows the background threshold. The threshold was
set 2σ above background counts, where σ is the standard deviation of the background. This is
typically used throughout the literature169 and gives good separation of on and off events. d) Line
profile through a montage of a single QD over 50 frames at an exposure of 80 ms.

Off-times are generally more highly-distributed and described largely by the power-law,

where truncation through the exponential cut-off term is often less important. Coordin-

ating ligands to QD surfaces, coupled with the dielectric properties of the substrate in

which QDs are embedded, has profound implications on the photophysics of the system.

A revealing study by Cichos et al.48 exposed an inverse dielectric dependence upon the

characteristic cut-off time. Electron trapping within the host substrate produces a linear
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relationship consistent with field stabilisation effects that give rise to dielectric dependen-

cies of the truncated power-law parameters, namely172

αoff = m

(
1− 1

ε

)
+ α0 (1.37)

where (1−1/ε) is the reaction field, which describes the self-trapping and solvation energy

of the electron in the host embedding medium. An additional layer of complexity was intro-

duced in the CTST model reported on here using nano-composite arguments.173–175 Strong

evidence of a charging mechanism was first observed by Brus et al. through electrostatic

force microscopy.176 It was shown that a single CdSe.CdS QD may lose between one and

five charges even when under low light illumination. The weak temperature dependence of

the photoelectron ejection implies a tunnelling route is a more adequate explanation than

thermal Arrhenius activation.103

In addition to blinking, QDs display other photophysical phenomena revealed only at the

single QD level. Over the lifetime of a core-shell QD, an envelope of photoluminescence

enhancement and PL decay develops. This is most apparent in Figure 1.13 (top). At first,

intensities reach about 80 counts. After 200 seconds fluorescence intensity peaks at around

93 counts. This ends with a slow decay toward total photobleaching after 1000 seconds.

Studies in air and nitrogen allude to a non-reversible photo-oxidative transformation.177

This conclusion would be in agreement with SeO2 peaks discovered in XPS data elsewhere35

and reported in this thesis in support of the CTST model developed to describe the envelope

of PLE and decay observed in core-shell CdSe.CdS and CdSe.ZnS QDs.

In practice, fluorescence intensity trajectories do not fall into a strict binary on/off frame-

work. The existence of so-called grey states is a recurrent theme. The debate over the

governing dynamics is ongoing. To date A- and B-type pathways have been proposed,49

where Figure 1.14 highlights the key transitions. A-type blinking consists of a neutral

QD (X0) undergoing excitation and radiative recombination with a relatively long ≈ 20 ns

lifetime. Formation of the charged QD negative trion (X−), which is essentially a QD

containing two electrons and one hole, permits rapid non-radiative passages with lifetimes

of ≤ 3 ns. Ultimately, the fluorescence intensity landscape along the temporal trajectory

reflects these measured lifetimes, where bright, fluorescent on-states and dark off-states

have been found to correlate strongly with the long and short fluorescence lifetimes. Fluc-

tuations between (X0) and (X−) contribute to the quasi-continuous grey state. In con-

trast, B-type trajectory traces do not correlate with their associated lifetimes. This was

explained through an activated recombination centre model. In brief, at large negative po-

tentials (−1.2 V), with respect to the Fermi level, efficient electron injection into the QD

occurs leading to formation of the dark trion (X−). At less negative potentials (−1.0 V)

saturation of electron surface states prevents non-radiative routes for decay and long on
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events are observed. At positive potentials (0.8 V) efficient relaxation of hot-electrons to

surface recombination centres competes with direct relaxation to the ground state and ac-

counts for the anti-correlated intensity and lifetime data. That is, while the non-radiative

recombination route dominates during dark periods, the low but finite probability of re-

laxation to the CB edge, results in low photon numbers but with the native (X0) state

radiative lifetime ≈ 20 ns.

Investigations by Guyot-Sionnest raises several issues with this explanation.178 Firstly,

results suggest that the hot-electron should not be considered energetically hot for such

small charging energies associated with QDs. Within the Brus model a QD modelled as

a uniform sphere of dielectric constant ε1, surrounded by a medium of dielectric constant

ε2, has a charging energy of

ECharge =
2(ε1/ε2 − 1)e2

4πε1ε0R
(1.38)

where R is the radius of the QD and e the fundamental electron charge. For a typical QD

size of 3 nm and a CdSe dielectric constant of about 10 in a polymeric host of (ε2 ≈ 2),

the charging energy is only about (0.4 eV), a fraction of the bulk band gap (1.7 eV) and

equivalent to the exciton energy Eex = h2/(8mR2) = 0.4 eV.
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Figure 1.14: Basic A- and B-type blinking mechanism. The B-type blinking kinetic scheme re-
produced from Galland and co-workers (left).49 Intra-band relaxation, α, to CB edge and emission
from 1Se to 1Sh results in long lifetimes. Competing with the native-state pathway is a more
efficient β relaxation from 1Pe to recombination centres (R). (Right) formation of a hot-electron
(bottom) through exciton recombination of the negative trion (X−). Formation of the hot-electron
is relatively slow compared with Auger recombination (top) of the positive trion (X+).179

Moreover (X+) trion Auger recombination is faster than that of the (X−) trion suggesting

hot-hole creation. Lastly the A- and B-type blinking model neglects hole surface states

that have been shown, through positron annihilation spectroscopy,180 to be abundant at
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the QD interface. In sum, while our understanding of the optical properties and pho-

tophysics of QDs has come a long way since first synthesised, much remains unmapped.

In particular, the role of exciton dynamics in QDs; the separation of the electron-hole

pair, through tunnelling or other activated (Auger/thermal) mechanisms; the nature of

charge-carrier trapping at internal, surface or external sites and ultimately recombination

pathways are not well understood. Deeper insight into these processes is required, if they

are to be harnessed in existing and future applications. Investigation of exciton dynamics

in archetypical, CdSe QDs in relation to structural properties of the nanocrystal forms the

main theme of this thesis.

1.4 Single molecule optical microscopy

The design and use of the first optical microscopes was reported in the late 16th and early

17th century by Drebbel181 and Galileo,182 although it remains unclear who built the

first operational microscope. Quick to explore the possibilities offered by the microscope

were celebrated polymath Robert Hooke and microbiologist Antonie van Leeuwenhoek.

Microorganisms were first observed by Leeuwenhoek183 as early as the 1670’s. Hooke later

introduced the word cell, into the nomenclature, in his esteemed Micrographia works.184

Further advances in the understanding of image formation and resolution in microscopy

were made by Ernst Abbe185 in the late 19th century, leading to the formulation of the

Abbe diffraction limit, given by

dxy =
λ

2nsinθ
(1.39)

where dxy is the minimum resolvable distance between point sources in the lateral plane,

n is the refractive index of the medium between the objective and sample and θ is the

half-angle of the objective collection cone. Thus, the resolution of two point sources is

fundamentally limited by the diffraction properties of light. August Köhler reasonably

sought to maximise object resolution by experimenting with ultraviolet (UV) light, yet

unwittingly unlocked the possibility of fluorescence microscopy. Heimstädt is credited

with cultivating Köhlers observations of fluorescence to the point of manufacturing the

first fluorescence microscope in 1911.186

Early fluorescence microscopy was hindered by the poor separation of light from the excit-

ation source and fluorophore. This problem was circumvented by the implementation of

dichroic mirrors (DMs) constructed by Ploem187 in 1967. DMs are now an integral part of

most modern optical imaging platforms and the use of high transmission/blocking filters,

large numerical aperture lenses and high quantum efficiency detectors now allow routine

detection of fluorescence at the single molecule level. More recently, Moerner,188 Hell189
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and Betzig190 were honoured with the prestigious 2014 Nobel Prize for their involvement in

developing super-resolution fluorescence microscopy techniques. In summary, they demon-

strated different methodologies to overcome the diffraction limit without violating Abbe’s

law. The advent of single molecule microscopy has since progressed to a myriad of alternate

super-resolution techniques, namely, photo-activated localization microscopy (PALM),191

stochastic optical reconstruction microscopy (STORM)192 and fluorescence imaging with

one-nanometre accuracy (FIONA).193

1.4.1 Total internal reflection fluorescence microscopy (TIRFm)

Noise reduction methods are vital to the success of single molecule studies. Total internal

reflection fluorescence microscopy (TIRFm) is a surface sensitive technique that enables the

selective excitation of fluorophores at the interface. In practice, this reduces undesirable

background fluorescence while still granting acquisition of data over the entirety of the

charge coupled device (CCD). Use of TIR in imaging was first described by Ambrose194

and an early pioneer of TIRFm was Axelrod,195 with single molecule TIRFm first reported

in 1995 by Yanagida.196 However, the phenomenon of total internal reflection (TIR) was

first mathematically described by Ibn Sahl in 984 A.D.197,198 The relationship was later

named Snell’s law in homage to the Dutch astronomer Willebrord Snellius.

n1sinθ1 = n2sinθ2 (1.40)

Snell’s law examines the refraction of light passing through media with different refractive

indexes. The excitation beam undergoes TIR at θ1 ≥ θc, while θ2 −−−−→
θ1→θc

90◦.

n1sinθc = n2 (1.41)

∴ θc = sin−1(n2/n1) (1.42)

Here n1 and n2 are the refractive indexes of the glass and air, respectively and θc is the

critical angle. Snell’s law is easily proved through Fermat’s principle of least time and is

included in Appendix D.5.

1.4.2 Evanescent field generation

At the critical angle, an evanescent wave is generated that projects into the sample plane.

The rapid decay of the evanescent field is responsible for the surface sensitivity of TIRFm.

It is routinely possible to probe the surface of the coverslip at excitation depths of less

than 100 nanometres. To demonstrate the geometries given by Equation 1.42 and the



27 SECTION: 1.4

penetration depth of the evanescent field at the coverslip surface, consider Figure 1.15.

Typically, the excitation beam may be tilted off-axis toward the critical angle where, upon

reaching the critical angle, the incident beam undergoes total internal reflection. The

evanescent field generated at the coverslip allows for exclusive excitation of fluorophores

at the surface. To realise how the evanescent field propagates it is necessary to inspect the

Maxwell-Faraday equation199,200 in detail

∇×E = −∂B

∂t
(1.43)

where the electric field and magnetic field vectors are given by E and B, respectively. The

equation can be rewritten as the wave equation

(
∇2 − 1

c2

∂2

∂t2

)
E(r, t) = 0 (1.44)

which is a harmonic differential equation for which the solution is a sinusoidal function

describing the electric field of the laser. Ultimately, the propagation of electric field E(r, t)

takes the form of an oscillatory function in the (x, y) plane with an exponentially decaying

function in (z)

E(r, t) = Re[E0e
±i(kxx+kyy)−iωt]e∓|kz|z (1.45)

A more complete analysis on the origin of the electromagnetic wave equation presented

may be found in Appendix D.3.
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Figure 1.15: Illustration of the excitation radiation as a function of the incident angle θ(x) (left).
As θ1 tends toward the critical angle, θc, the system undergoes TIR. The glass/air interface shows
strong TIR when θ(x) = 43.2◦. Blueprint of the generation of an evanescent field at the critical
angle (right). Conventionally, this is achieved by tilting the excitation beam away from the optical
axis using a kinematic mirror. At angles greater and less than the critical angle it is possible to
effectively dampen the evanescent field, thereby controlling image contrast.
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1.4.3 Near-field enhancement

As the angle of incidence is increased toward TIR one observes an increase in the sample

fluorescence intensity and an improvement in contrast. The reduction in background fluor-

escence is accomplished by tuning the penetration depth and amplitude of the evanescent

wave. This is well described using the following relations201,202

I(z) = |E(z, t)|2 = I0e
−z/d (1.46)

where I(z) is the intensity of the evanescent wave perpendicular to the sample interface,

I0 is the intensity of the evanescent wave at the interface, z is the perpendicular distance

from the interface. Penetration depth d is described by

d =
λ0

4π
(n2

1sin
2θ − n2

2)−1/2 (1.47)

here λ0 is the excitation wavelength, n1 and n2 are the refractive indexes of the glass and

air, respectively and θ is the angle of incidence. To demonstrate how the penetration depth

and intensity of the evanescent field vary as a function of the incident laser angle normal

to the coverslip surface, consider Figure 1.16.
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Figure 1.16: Near-field enhancement and penetration depth of the evanescent wave. a) Near-field
enhancement reaches ×5 and ×4 at the critical angle for P- and S- polarised light respectively.
b) Illustrates the dependence of the evanescent field penetration depth at angles θ ≥ θc for the
glass/air interface. At the critical angle the penetration depth tends toward infinity. The black
line serves as a guide for the eye. c) Shows the decay of the evanescent wave I(z) perpendicular to
the surface using 473 nm light. The red line is a first order exponential decay, where R2 = 0.99.

Clearly, the penetration depth of the evanescent wave approaches infinity as the critical

angle is approached, and decreases for angles greater than the critical angle. It follows
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that the intensity of the evanescent field decays most rapidly when z/d is small. This is

most easily shown by plotting a graph of d(θ) and the normalised evanescent field decay,

as illustrated in Figure 1.16.

Equations 1.46 and 1.47 only hold when z 6= 0, and are independent of polarisation effects.

To describe the evanescent field at the interface it is necessary to introduce two discrete

equations for P-polarised and S-polarised light

I
||
0 ∝

4cos2θ(2sin2θ − n2)

n4cos2θ + sin2θ − n2
(1.48)

I⊥0 ∝
4cos2θ
1− n2

(1.49)

where I ||0 is the intensity of the evanescent wave at z = 0 for P-polarised light and I⊥0

is the intensity of the evanescent wave at z = 0 for S-polarised light. The nomenclature

refers to the direction of the electric field vector relative to the plane of incidence, where P-

polarised light is parallel and S-polarised light is perpendicular. These functions are shown

graphically in Figure 1.16a. Importantly, it was shown that at the critical angle significant

near-field enhancement is present, which must be taken into account when calculating the

laser power density. An experimental approximation of the near-field enhancement factor

is made in Chapter 2.

1.4.4 Optical collection efficiency

In a routine fluorescence microscopy experiment light will be emitted isotropically by the

specimen. As a consequence, a considerable number of photons are lost to the surroundings.

Ordinarily, this is quantified by considering the simple relation between the total number

of photons emitted and the number of photons collected. The solid angle subtended by an

isotropic emission source can be approximated to a sphere

ΩSphere =

∫ 2π

φ=0

∫ π

θ=0
sinθdθdφ = 4π (1.50)

where the solid angle cone of light collected by the objective is defined as

ΓObjective =

∫ 2π

φ=0

∫ θ

θ=0
sinθdθdφ = 2π(1− cosθ) (1.51)

thus the collection efficiency is given by

2π(1− cosθ)
4π

≈ 35% (1.52)
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where θ is the acceptance cone angle of the objective and may be related to numerical

aperture, NA, using Equation 1.53.

NA = nsinθ (1.53)

In this instance NA = 1.45 and n = 1.518 where n is the refractive index of the coupling

immersion oil. The low collection efficiency is chiefly responsible for the many challenges

encountered in single molecule fluorescence. The true number of photons reaching the

detector will, of course, be further reduced due to imperfect filters, prisms and the low

quantum efficiency of the CCD chip. A complete derivation of the equations outlined here

is given in Appendix D.6.

1.5 Thesis overview

As a general thesis outline, synthetic routes toward colloidal NPs are presented, along with

an arsenal of instrumental techniques that were employed here to study the NPs. Typically,

x-ray diffraction (XRD) and high-resolution electron microscopy (HR-TEM) were used to

investigate the lattice spacings and crystal structure, low-resolution electron microscopy,

dynamic light scattering (DLS) and UV-Vis spectroscopy were used to estimate NP size and

morphology, while NMR was employed to examine the surface coverage of organic ligands

on the QD exterior. Furthermore, a blueprint of the single molecule fluorescence microscope

used in this thesis is shown with accompanying calibrations and specifications. In addition,

a short proof of principle of the automated focus macro, developed for the collection of

single molecule fluorescence trajectories over long temporal ranges, is demonstrated.

Following rigorous instrument characterisation and detailed synthetic protocols, attention

is turned to the structure and fluorescence properties of the nanomaterials produced. A

series of systematic UV-Vis, fluorescence spectra and TEM images are presented for CdSe

cores as well as CdSe.CdS and CdSe.ZnS core-shell architectures. Ultimately, the custom

synthesised NPs were used to study the exciton dynamics at the single molecule level. To

complete the structural analysis, HR-TEM and XRD were used to interrogate the crystal

structure of single QDs, where complete reconstruction of the unit cell was achieved. The

photobleaching phenomenon was probed using x-ray photoelectron spectroscopy (XPS) to

detect the formation of SeO2, where the photobleaching was modelled near-quantitatively

using the recently conceived CTST model of single QD photodynamics presented herein.

The structurally and optically characterised NPs were subsequently used to study a number

of interesting phenomena that manifest in single molecule fluorescence trajectories. Spe-

cifically, the fluorescence blinking was studied using a power-law type analysis to elucidate
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the underlying mechanisms that govern the exciton dynamics in these nanomaterials. Im-

portantly, the blinking was probed as a function of the host dielectric constant, the shell

depth of core-shell CdSe.CdS and CdSe.ZnS QDs and by altering the aspect ratio of CdSe

nanorods (NRs). Ultimately, these were compared to profiles simulated using the CTST

model of photodynamics. Furthermore, real-time measurements of photoblueing, concom-

itant with photoluminescence decay, and spectral diffusion, due to a suspected quantum

confined Stark effect, were made and compared to simulated data produced by the CTST

model.

Lastly, recent and exciting observations including the in situ fabrication of nano-perovskites

and emission wavelength modification through halide exchange is reported. Interestingly,

during the laser-assisted ablation of the perovskite QDs, violent swirling vortices and in-

tense thermal activity was observed and may indicate the formation of a nanoplasma,

as shall be demonstrated. The rate of halide exchange was investigated using a variety

of different halide perovskites and a basic mechanism introduced to account for kinetic

observations made here.



Chapter 2

Experimental methods and simulation

This chapter introduces synthetic routes toward a variety of different QD morphologies.

The customised NPs were subsequently used for single molecule microscopy studies. While

the focus here is on single molecule microscopy, probing properties other than QD single

crystal fluorescence allows one to formulate a more complete understanding of QD photo-

physics. The crystal lattice, NC ligands and bulk UV-Vis/PL have been investigated. A

firm understanding of an instrument’s principles of operation is essential for assessing the

pro et contra of a particular methodology. For example, single molecule microscopy affords

superlative sensitivity, whereby exceedingly low numbers of photons can be detected. To

discern sample fluorescence from the background it is imperative that the specimen be pre-

pared in low autofluorescence media on pre-cleaned substrates. Additionally, complications

may arise from host-matrix Raman scattering. While Raman scattering cross-sections of

typical single molecule host media, for example, water, are generally 1016 times lower than

the fluorescence excitation cross-sections (at 10−16 cm2 molecule−1), the number of host

scattering centres can be significant unless the laser excitation volume is minimised. In-

deed, the TIR configuration employed in the experiments conducted here reduces signal

from the bulk by evanescent field excitation of the QDs at the glass-host interface. Fur-

thermore, prudent choice of excitation frequencies, fluorescence filters and dichroic mirrors

are vital factors to consider when designing an experiment. Moreover, in the instance of

long temporal range studies, system stability is of paramount importance. Clearly, robust

characterisation of the laser profile, beam stability, optical path and photon detector is

required to minimise any possible artifacts that may occur in acquired data.

The customised NCs were investigated using a single molecule fluorescence microscope and

further characterised using a host of spectroscopic techniques such as x-ray diffraction,

nuclear magnetic resonance and electronic absorption/emission spectroscopy. This chapter

will tackle issues concerning the optimisation of a home-built single molecule microscope

and the development of an autofocus system using the ImageJ software. Furthermore,

the complexities of non-biased blinking analysis will be considered in detail. In general,

large datasets (>20000 blinking events) are essential for the production of statistically

robust power-laws. To this end, a custom-built blinking analysis macro was created. Ex-

perimental data were compared with a recently developed charge-tunnelling self-trapping
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(CTST) model of QD fluorescence. At the heart of the CTST model lies the Gillespie

stochastic simulation algorithm.203 At the most basic level the Gillespie algorithm will

be introduced and demonstrated for a bimolecular system with emphasis on the prom-

inent computations. This algorithm serves as the foundation from which all subsequent

simulations of experimental data were fabricated.

2.1 Synthetic protocols

This section will review details on how various nanostructures were synthesised. An account

of the material distributors, optimisation of synthetic apparatus and thorough directions

for high-quality NP synthesis is included. Both zinc-blende and wurtzite CdSe dots will

be considered. Routes toward composite CdSe.ZnS/CdS core-shell systems are explored

accompanied by details on the calculations of the successive ionic layer adsorption reaction.

Non-homogeneous NC growth pathways, including CdSe nanorods and tetrapods, are re-

ported. Lastly, a recent synthesis for the production of highly fluorescent nano-perovskites

is described.

2.1.1 Raw materials

The following were sourced from Sigma Aldrich:

• cadmium(II) oxide, 99.5%, lot #MKBH3426V

• stearic acid, reagent grade, 95%, lot #BCBL8076V

• oleic acid, tech grade, 90%, lot #MKBQ9034V

• sulfur, ≥99.5%, lot #BCBG6865V

• octadecylamine, tech grade, 90%, lot #BCBM0955V

• oleylamine, tech grade, 70%, lot #STBF4991V

• trioctylphosphine oxide, tech grade, 90%, lot #MKBP7896V

• hexadecyltrimethylammonium bromide, BioXtra, ≥99%, lot #SLBN7097V

• didodecyldimethylammonium bromide, 98%, lot #BGBC2751V

• propyl phosphonic acid, 95%, lot #MKBT9970V

• methyl phosphonic acid, 95%, lot #MKBL2916V

• gold (III) chloride, 99%, lot #MKBS0342V
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• tributylphosphine, mixture of isomers, 97%, lot #STBD9034V

• p-terphenyl, HPLC grade, ≥98.5%, lot #BCBF3243V

• polyvinylpyrrolidone, average mol wt 40,000, lot #BCBM0949V

• polyvinyl alcohol, average mol wt 130,000, lot #BCBJ9268V

• polystyrene, average mol wt 192,000, lot #MKBQ8943V

• toluene-d8, 99 atom % D, lot #06602DJ

The following were sourced from Alfa Aesar:

• 1-octadecene, tech grade, 90%, lot #10195805

• selenium powder, amorphous 200 mesh, 99.999%, lot #J05L09

• caesium carbonate, 98%, lot #10194612

• lead(II) chloride, reagent grade, 99%, lot #M22B018

• lead(II) bromide, 98+%, lot #10187766

• lead(II) iodide, 98.5%, lot #Y23B049

• tert-butyl alcohol, 99%, lot #10194492

• n-hexyl phosphonic acid, 98%, lot #T27B048

• n-octadecyl phosphonic acid, 97%, lot #M22B030

The following were sourced from Strem:

• trioctylphosphine, 97%, lot #21622500

The following were sourced from Manchester Organics:

• n-tetradecyl phosphonic acid, 98%, lot #W40776(1)

The following were sourced from Acros Organics:

• dodecylamine, 98%, lot #A0287237

Bulk solvents: toluene, hexane, methanol, ethanol, isopropanol and chloroform were pur-

chased from VWR International. All chemicals were used without further purification.
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2.1.2 CdSe quantum dots

Zinc blende CdSe QDs were synthesised using a modified literature approach.118 Typic-

ally, a three-neck round bottom flask (RBF) (50 mL) was charged with cadmium(II) oxide

(35 mg), stearic acid (SA) (0.35 g), 1-octadecene (ODE) (4 mL) and a magnetic stir bar.

The side necks were fitted with rubber septa and the central neck fitted with an air con-

denser coupled to a dual (argon/vacuum) Schlenk manifold. A diagram of the setup is

shown in Figure 2.1. Care was taken to ensure all joints were well greased. A vacuum was

applied to the sealed vessel for 15 minutes followed by a continuous argon flow. A ther-

mocouple was pushed through the septum and the mixture heated to 240◦C. The reaction

was left for 10 minutes at 240◦C to form the clear and colourless cadmium stearate. Fol-

lowing cooling to room temperature, octadecylamine (ODA) (1.4 g) was transferred into

the RBF. The system was sealed and a vacuum applied followed by an argon flow. The

heating mantle was set to 270◦C for injection of the selenium precursor.

Out

In
Thermocouple

Ar out Ar in

Vacuum

Stir bar

Heating mantle

CdO/SA
Se/TOP

ODE/ODA

Figure 2.1: Blueprint of a typical setup for the synthesis of high quality CdSe QDs (left). Image
of the synthetic array (right). The reaction was mixed using a Heidolf MR2002 or IKA RCT basic
magnetic stirrer at 750 RPM. The Schlenk line was attached to an Edwards 1.5 two stage rotary
vane pump. Temperature was regulated using a Eurotherm 2116 feedback loop.

Selenium powder (0.12 g) was mixed with trioctylphosphine (TOP) (2 mL) in a one-

neck RBF. The black selenium powder was dissolved at room temperature under vigorous

stirring to form a clear colourless solution. Rapid injection of the selenium precursor into

the cadmium stearate initiated QD nucleation. Growth was allowed to continue for two

minutes at 250◦C before removing the heating mantle and cooling to 90◦C at which point

chloroform (25 mL) was added to solubilise any excess ligand. QDs were flocculated by the

addition of methanol or ethanol anti-solvent until the mixture became turbid. Harvesting

the QDs was achieved through centrifugation at 3000 RPM for 10 minutes. A solid mass

of QDs was collected and the clear colourless supernatant discarded. The dark red powder
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was either dried using a vacuum desiccator and stored for further use or dispersed in

hexane.

Wurtzite CdSe QDs were prepared according to the methods of Alivisatos and co-workers.204

Briefly, a three-neck RBF (50 mL) was infused with cadmium(II) oxide (60 mg), n-octadecyl

phosphonic acid (ODPA) (0.25 g), trioctylphosphine oxide (TOPO) (3.0 g) and a magnetic

stir bar. The side necks were fitted with rubber septa and the central neck fitted with an

air condenser coupled to a dual (argon/vacuum) Schlenk manifold. A vacuum was applied

to the sealed vessel for 15 minutes followed by a continuous argon flow. A thermocouple

was pushed through the septum and the mixture heated to 150◦C for 30 minutes resulting

in a dark red/brown mixture. The temperature was then increased to 310◦C and TOP

(1.8 mL) was added dropwise. Finally, the vessel was heated to 365◦C to form the clear

and colourless cadmium phosphonate complex. A selenium precursor; selenium (50 mg)

dissolved in TOP (1 mL) was swiftly injected into the cadmium flask. A bright yellow

solution formed immediately and progressed to orange and red as QD growth continued.

The reaction was quenched by removing the heat source and cooling to 90◦C. Addition of a

solvent/anti-solvent pair, specifically chloroform (15 mL) and methanol (15 mL), resulted

in QD aggregation. QDs were collected as a dark red solid pellet by centrifugation at 3000

RPM for 10 minutes.

Occasionally, a white solid (excess ligand) would crash out overnight for both zb-CdSe

and wz-CdSe. Centrifugation of the sample at 2000 RPM for 10 minutes allowed for the

effective removal of the residual ligand through decantation.

2.1.3 Core-shell nanoparticles

Core-shell architectures were synthesised using the successive ionic layer adsorption reac-

tion (SILAR).117 Precursor solutions of cadmium oleate, zinc oleate, elemental sulfur and

TOP sulfide were used to coat the inorganic CdSe core. Cadmium(II) oxide (100 mg), oleic

acid (OA) (2.3 mL), ODE (5.7 mL) and a stir bar were transferred into a two-neck RBF

followed by application of a vacuum and subsequent purging with argon. The mixture was

heated to 240◦C resulting in a clear colourless cadmium oleate precursor (0.1 M). In a

similar fashion, zinc oleate was prepared by adding zinc oxide (80 mg), OA (2.5 mL), ODE

(7.5 mL) and a stir bar to a two-neck RBF. Under an inert gas blanket, the mixture was

heated to 300◦C at which point the white ZnO solid dissolved yielding a clear colourless

zinc oleate complex (0.1 M). Both oleate precursors were cooled to 100◦C and remained

stirring for the entire duration under argon. The sulfur injection solution (0.1 M) was

formed by dissolving sulfur (20 mg) in ODE (6 mL) at 150◦C under argon for 20 minutes.

Analogously, TOP sulfide was produced by the dissolution of elemental sulfur (20 mg) in
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ODE (4 mL) and TOP (2 mL) at 150◦C for 20 minutes. Clear colourless sulfur solutions

were cooled to room temperature and stored under argon.

Succeeding shell precursor preparation, a three-neck RBF (50 mL) was laden with CdSe

QDs in hexane, ODE (4 mL), ODA (0.8 g) and a stir bar. The volume of CdSe QDs

varied between experiments. Rubber septa were inserted into the two side necks and an air

condenser attached to the Schlenk line in the central neck. Hexanes were removed using a

vacuum for 30 minutes. After effervescence of the hexane had halted the vessel was heated

to 100◦C under vacuum for 10 minutes. An argon atmosphere was restored and heating

continued to 235◦C for injection of the first capping layer.

Pre-calculated volumes of precursor were injected consecutively to grow an epitaxial layer

around the bare CdSe cores. Here, the term epitaxial is taken to mean the growth of

an ordered and near-isotropic shell around the QD cores. Briefly, the cationic precursor

was injected drop-wise into the hot CdSe QD solution. This was allowed to react for 10

minutes before adding the sulfur precursor. Importantly, the TOP sulfide appeared to

produce a superior product with greater QYs for CdSe.ZnS CS-NPs, whereas elemental

sulfur dissolved in ODE was largely unsuccessful. This may arise from the increased

reactivity of trioctylphosphine sulfide (TOPS) which is expected to form.205 In contrast,

elemental sulfur dissolved in ODE yielded excellent results for the CdSe.CdS structure.

In both cases, the sulfur was injected drop-wise and left to react for 10 minutes before

the growth of the second shell by adding the cationic precursor. During the reaction, the

solution became noticeably darker as more monolayers (MLs) were added. Fluorescence

underwent a bathochromic shift as further MLs were deposited with redshifting being more

apparent for CdSe.CdS QDs. In this way, several layers of material were deposited around

the QDs. Complete calculations for shell growth are given in the appendix within a bespoke

macro. In brief, the number of core QDs in the reaction vessel must first be determined.

This is most simply calculated through empirical fitting functions, Equations 1.21 and 1.22

and the Beer-Lambert law given by Equation 1.23. Exploiting reported literature values

for the thickness of a single ML, it is possible to calculate the shell volume required to coat

a single QD using

Volshell =

(
4

3
πr3

cs −
4

3
πr3

c

)
(2.1)

where rcs and rc are the radii of the core-shell and core respectively. This must, of course,

be multiplied by the total number of QDs within the reaction vessel. Calculation of the

total number of QDs is trivial given the number of moles, n, of QDs in solution. The

Avogadro constant, NA, permits calculation of the total shell volume required to coat each

QD with a single ML

VolTotshell = VolshellNAn (2.2)
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where the densities, ρ, of various shell materials are readily sourced from literature.206 As

an example, consider coating the QDs with a layer of cadmium sulfide. The precursor

infusion weight is given by Equation 2.3.

WeightCdS = VolTotshellρCdS (2.3)

Since precursor solutions were made to a specific concentration, in this instance (0.1 M),

a simple conversion translates shell weight into precursor volume. The macro presented

in the appendix is tailored to perform this calculation for up to 8 MLs. The new QD

size is updated following each successful deposition. Accordingly, the volume of precursor

increases for successive MLs.

Core-shell QDs were purified by the addition of chloroform (3 mL) and excess ethanol. The

precipitate was centrifuged at 3000 RPM for 10 minutes. The supernatant was discarded

and the solid product dissolved and stored in hexane.

2.1.4 CdSe nanorods (NRs)

NRs with a variety of aspect ratios were reproduced from published techniques with

minor modifications.207 Cadmium(II) oxide (50 mg), n-tetradecyl phosphonic acid (TDPA)

(0.22 g), TOPO (0.8 g), n-hexyl phosphonic acid (HPA) (0−35 mg) and a stir bar were

deposited into a three-neck RBF (25 mL). The mixture was heated gently to form a melt

at which point a vacuum was applied for 20 minutes. An argon atmosphere was recovered

and the reaction mixture heated to 320◦C for injection of the selenium precursor. At high

temperature, the cadmium formed a clear colourless cadmium phosphonate complex. It

was found absolutely essential that 90% tech grade TOPO was used. Higher purity TOPO

resulted in malformed NRs with poor uniformity. The low purity TOPO likely contains

fortuitous impurities that stabilise NR growth. A study by Wang et al. discovered that

traces of mono-n-octylphosphinic acid favoured the growth of CdSe NRs.208

The injection mixture was readied by dissolving selenium (19 mg) in TOP (0.5 mL),

tributylphosphine (TBP) (0.2 mL) and toluene (0.1 mL) under an inert atmosphere at

75◦C to form a clear colourless solution. Care was taken to add no more than the pre-

scribed toluene volume since it rapidly boiled upon injection into the cadmium. Rapid

injection into the hot cadmium precursor induced NR nucleation. Heating at 290 ◦C was

continued for 10 minutes. Chloroform (3 mL) and methanol were added to crash out the

NRs. The sediment was centrifuged at 3000 RPM for 10 minutes and the solid red pellet

dispersed in hexane.



39 SECTION: 2.1

Post-synthetic modification to produce nano-dumbbells was accomplished by pipetting a

solution (5 mL) of gold (III) chloride (15 mg), dodecylamine (DDA) (83 mg) and dido-

decyldimethylammonium bromide (DDAB) (46 mg) in toluene (8 mL) into a solution of

CdSe NRs in hexane at 40◦C. The deep red solution instantly transformed into a golden

brown with evident quenching of fluorescence. The mixture was stirred at 40◦C for five

minutes.

2.1.5 CdSe tetrapods

Production of CdSe tetrapods was completed using a literature protocol.209 Cadmium(II)

oxide (0.128 g), OA (2 mL), ODE (20 mL) and a stir bar were placed into a three-neck

RBF (50 mL). The flask was degassed for 20 minutes and backfilled with argon. Sub-

sequently, the mixture was heated to 240◦C and remained mixing until a clear colourless

solution resulted at which point the temperature was decreased to 190◦C for injection of

the selenium precursor.

A selenium injection solution was prepared by the dissolution of selenium (39 mg) and

hexadecyltrimethylammonium bromide (CTAB) (20 mg) in TOP (1.5 mL) and toluene

(3 mL) at 50◦C. The injection solution was added rapidly and the mixture was allowed

to stir at 160◦C for 20 minutes before cooling to 90◦C. Chloroform (5 mL) and ethanol

were added to precipitate an orange/red solid which was isolated via centrifugation at 3000

RPM for 10 minutes. Collected tetrapods were diluted with hexane typically forming a

bright fluorescent orange solution.

2.1.6 CsPbX3 perovskites (X = Cl, Br, I)

A recently developed method by the Kovalenko lab was employed.135 In Summary, caesium

carbonate (0.20 g), ODE (10 mL), OA (1 mL) and a stir bar were loaded into a two-neck

RBF (25 mL) and placed under vacuum for 30 minutes followed by an argon purge. The

mixture was heated to 150◦C at which point the white solid dissolved to give a clear

colourless solution. The caesium precursor was kept at 100◦C for the duration of the

synthesis under an argon blanket.

Separately, Pb(II)X2 (0.188 mmol), ODE (5 mL) and a stir bar were added to a three-

neck RBF (25 mL). Air was removed from the flask for 30 minutes, followed by an argon

stream. The temperature was elevated to 140◦C and mixing continued for 20 minutes.

Pb(II)Cl2 and Pb(II)Br2 remained as a white slurry at this stage. Pb(II)I2 appeared as

a bright yellow slurry. Addition of oleylamine (OLA) (0.5 mL) and OA (0.5 mL) induced

solubilisation. The temperature was raised to 170◦C for injection of the caesium oleate.
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After the temperature stabilised the caesium precursor (0.5 mL) was rapidly injected into

the lead mixture.

Upon injection, the reaction dramatically became dark brown, bright yellow or white for

CsPbI3, CsPbBr3 and CsPbCl3 respectively. It should be noted that CsPbCl3 was not

visibly fluorescent, possibly due to the short emission wavelength reported elsewhere.135 It

was necessary to use a 50:50 Pb(II)Br2:Pb(II)Cl2 ratio to access emission wavelengths of

about 440 nm. The heat was removed immediately after injection and the mixture allowed

to cool. Precipitation of NCs with isopropanol was found to be effective for all halide

perovskites. An off-white, yellow and dark brown solid was collected for CsPb(Br0.5Cl0.5)3,

CsPbBr3 and CsPbI3 respectively. Methanol and ethanol were found to induce a change

of crystal structure for the iodine analogue quenching fluorescence. Dry nano-powders

were recovered by centrifugation at 3000 RPM for 10 minutes followed by removal of the

supernatant. Products were dispersed and stored in hexane.

For completion, several recordings of injections and colour changes have been included in

an electronic appendix.

2.2 Single molecule microscopy

Optimisation of the single molecule microscope used extensively throughout this thesis is

reported herein. Methods and optics for beam conditioning, coupled with fluorescence isol-

ation from the incident laser excitation will be explained and the prescription for building a

custom-built automated focusing system will be elaborated. Moreover, diligent beam, mi-

croscope and sensor characterisation is essential to avoid artifacts and sample bias. Abate-

ment of selective excitation is realised through the implementation of a circular polariser

while measurements of the beam cross-section permit the calculation of the excitation

power densities.

2.2.1 TIRFm experimental apparatus

Laser excitation: TIRFm was performed on a customised inverted optical microscope

(Nikon/TE2000-U/Japan) with through-objective illumination. Laser light from a continu-

ous wave (CW) diode pumped solid state laser (DPSSL) (Shanghai Dream Lasers/SDL-

473-150T/China) operating at a wavelength of 473 nm was passed through a bandpass

filter (BP2) (Semrock/Brightline/483/32/USA). The laser was operated in TEM00 mode.

Additionally, the laser bank housed three further CW DPSSL modules operating at 532,

447 and 405 nm. Experiments reported herein were performed using 473 nm radiation
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unless stated otherwise. Kinematic mirror mounts were used to direct the beam onto

a dichroic mirror (Semrock/FF506-Di03/USA). All laser lines were aligned and passed

through a Fresnel rhomb (Thorlabs/quarter-wave retarder), producing circularly polar-

ised light. Incident light was expanded 2.0× through a Galilean telescope arrangement

(Thorlabs/Plano-Convex Lens)(Thorlabs/Plano-Concave Lens) and the exiting light col-

limated. A high speed motorised filter wheel (Prior Scientific/HF110/UK) equipped with

neutral density filters (Thorlabs) was used to attenuate excitation radiation. The incoming

light was passed into the microscope via a periscope and focused into the objective aperture

using a TIRF lens (Thorlabs/Plano-Convex Lens). A high NA objective lens (Nikon/Plan

Apochromat TIRF/60×/NA 1.45/Japan) was used to deliver the excitation light and to

collect QD fluorescence. The microscope stage was controlled through a motorised hub

(Prior Scientific/Proscan II/UK). A blueprint of the laser setup is illustrated in Figure 2.2

and Figure 2.3.
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Figure 2.2: Laser modules (left) producing 532, 473, 447 and 405 nm laser radiation
(top−bottom). Incident light was passed through BP1 (Semrock/542/27/USA), BP2 (Sem-
rock/483/32/USA) or BP3 (Thorlabs/405/10). Light was reflected onto a set a dichroic mirrors
(Semrock/USA) DM1 (FF552-Di02), DM2 (FF506-Di03), DM3 (FF458-Di02) and DM4 (FF409-
Di03). The beam was expanded and circularly polarised before passing through a neutral density
filter and beam block.

Fixed absorption dipoles of single fluorophores prohibit orthogonally polarised excitation.

A number of studies have highlighted the importance of the incident beam polarisation

axis. Intriguing examples of this may be found in work by Osborne210 (Tetramethylrhod-

amine dye) and Banin211 (CdSe NRs). In these studies, it was vital the laser be circularly

polarised. Experimentally, the beam was characterised by passing light through a single

Fresnel rhomb. Quarter-wave retardation of the excitation beam was confirmed by posi-

tioning a rotatable polarisation filter before a power meter (Melles Griot). The rotatable

filter was moved in increments of 45◦ and the laser intensity recorded along the ortho-

gonal axis, which was equal for all angles measured. For comparison, a dual Fresnel rhomb
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produced half-wave retardance of the input beam. Again, a rotatable polarisation filter

was employed to corroborate linear polarisation of the beam, where an expected sinusoidal

relationship was uncovered. A stack of images was compiled at different polarisation filter

angles and is presented in Figure D.1 in the appendix.

Fluorescence detection: NC emission was separated from laser excitation light using

a dichroic mirror (Semrock/FF495-Di03/USA) that reflected short wavelength laser light

through the objective. The Stokes-shifted fluorescence light was passed through the di-

chroic mirror toward the detector, as shown by Figure 2.3. Fluorescence was passed through

a relay lens (Thorlabs/1:1.67/Matched Achr. Pair) and a set of emission filters housed in

an automated filter wheel (Prior Scientific/HF110/UK). The fluorescence light was finally

projected onto an intensified CCD (Roper Scientific/I-PentaMax/Gen III/Germany) fitted

with a 15×15 µm EEV CCD-37 chip operating with 1×1 pixel binning at 5 MHz.
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Figure 2.3: Incoming laser radiation is deflected off a dichroic mirror (Semrock/FF495-
Di03/USA) and into the objective lens (Nikon/60×/NA 1.45). Light propagates through the
objective toward the coverslip. At the critical angle, incident light undergoes TIR and passes back
through the objective. QDs within the evanescent field are photoexcited and fluoresce. Stokes-
shifted emission passes through the dichroic mirror and is deflected into a relay lens. Emission
filters, typically (Semrock/609/54/USA), remove any residual wavelengths from the desired fluor-
escence.

The camera was cooled both thermoelectrically and by water, reaching a minimum stable

temperature of −22◦C. The microchannel plate (MCP) gain was set to 80.0 during most

measurements. This gain level afforded the optimum signal to noise ratio, where at an

MCP gain of 80.0 the conversion factor was about 2.5 e-/count as shown by Figure 2.11.

Emission filters should possess excellent transmittance within the desired spectral window

with high optical density to unwanted frequencies. In practice, emission filters should be
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considered with a note of caution. Raman scattering effects of the host solvent can lead to

inelastic scattering of the excitation source at different wavelengths. A regular example of

this is an aqueous TMR dye undergoing excitation with 488 nm light

1

λR
=

(
1

λex
− 1

λH2O

)
(2.4)

where the excitation wavelength is λex, the wavelength of the stretching mode of water

is λH2O and λR is the inelastically scattered wavelength. Simple calculation shows 488

nm light is scattered to about 594 and 598 nm assuming H2O symmetric and asymmetric

stretches of 3650 and 3760 cm−1.212 Here the scattered light is coincident with the TMR

fluorescence213 and remains a major experimental source of noise. Typically, single mo-

lecule microscopy measurements in this thesis were performed on a dry substrate, where

Raman scattering effects are less of an issue. Furthermore, it was found that the various

polymeric hosts, which were spun-cast onto the coverslip produced no significant scatter.

Absorbance profiles of the emission filters used within this work are displayed in Figure

2.4. Most commonly the longer wavelength filters were employed for CdSe measurements.
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Figure 2.4: Optical characterisation of the microscope emission filters. These filters allowed
access to most of the visible spectrum. Filters that were purchased from Semrock: a) 529/24,
b) 536/40, c) 563/9 and e) 609/54. Remaining filters were sourced from Thorlabs: d) 580/30, f)
670/40. Filter e) was employed in most measurements since it is optically transparent to typical
CdSe emission wavelengths and opaque to the excitation laser.

2.2.2 Automated focus module

A home-built autofocus module was developed from low-cost components as an alternative

to more expensive commercial devices. Here the return TIR laser beam is monitored us-

ing a complementary metal-oxide-semiconductor (CMOS) camera (Thorlabs/DCC1645C).

Schematically shown in Figure 2.5, the TIR beam reflected out of the microscope passes
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down the periscope and is guided into an inverse beam expander (Thorlabs/Plano-Convex

Lens) (Thorlabs/Plano-Concave Lens) using an optical flat. In this way, small movements

in the z-axis of the stage translate to large displacements of the laser spot on the receiving

CMOS chip. The position of the return TIR beam on the CMOS chip was sent to the

computer, where a motorised Prior stage and Prior control hub (Prior Scientific/Proscan

II/UK) was used in conjunction with a bespoke autofocus macro to bring the specimen

back into focus.
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Figure 2.5: Microscope automated focus blueprint. Incident radiation passes through an optical
flat and toward the objective lens, where upon reaching the critical angle the light undergoes TIR
and is directed back out of the microscope. The return beam is reflected off the same optical flat
and is guided toward an inverse beam expander. A neutral density wheel is used to reduce beam
intensity on the CMOS camera.

The command macros were loaded into the start-up directory of the ImageJ software. In

total three macros were developed to fully counter stage drift in the z-plane; i) a Home

macro that sets the plane of focus, ii) a Calibration macro that determines the transform of

the position of the specimen in the z-plane and the position of the return TIR beam on the

CMOS chip, where a typical calibration curve is presented in Figure 2.6, iii) an Autofocus

macro that monitors the position of the return TIR beam and corrects the position of

the specimen in the z-plane to maintain focus. Excellent stability was maintained over

temporal ranges in excess of 40 minutes or until significant photobleaching. Each macro

will now be briefly reviewed with emphasis on central components of the algorithm. Coding

details of each macro are specified in Appendix A.
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Home: The specimen is first manually brought into focus on the I-CCD chip. The macro

commands the CMOS camera to take a snapshot of the return TIR beam. The ordinate

position of the beam is determined and saved. It was necessary to attenuate the return

beam in order to obtain a narrow Gaussian profile with no pixel saturation and hence a

well-defined peak centre.

Calibration: The calibration macro collects a stack of images. Specifically, the focus drive

is first driven down 50 steps, where according to model specifications (1 step ≈ 20 nm), and

an image captured of the return TIR beam. The stage is moved up in 10 step increments

and an image saved to the stack at each position. In total five images are collected to

produce the calibration curve. A linear fit is applied to the data and the gradient and

intercept values recorded. The linear fitting parameters are saved and recalled during the

autofocus process. A routine calibration curve with attached return beam profiles is shown

in Figure 2.6.
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Figure 2.6: Demonstration of the autofocus capabilities. a) Return TIR beam response to
movement of the stage in the z-plane. An image of the return beam is taken at 10 step increments.
A linear response (R2 = 0.99) was uncovered for the laser centre of mass (CoM) versus z-stage
shift. Here, a shift of 10 pixels (400−390) for the return TIR beam corresponds to about 10 steps
or 200 nm, assuming (1 step ≈ 20 nm), in the z-plane. Line plots through the images of the return
beam during calibration are displayed (right).

Autofocus: The autofocus algorithm is formed of two parts. The first creates a dialogue

window from which the autofocus correction frequency and total duration of autofocus

can be controlled. Most measurements were completed with correctional images every 10

seconds and a total duration in excess of 40 minutes. The focus drive macro was embedded

into the graphical user interface (GUI) macro. The correction was performed by comparison
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of the Home return laser position, set at the focal plane of the microscope, and current

return laser position. Positional differences were substituted into the linear calibration

curve, revealing the number of z-axis steps required to restore focus. As a technical note,

it was important not to run any Prior hardware on µmanager due to software clashing of

the COM ports. Hence, macros to control the Prior emission and excitation filters were

developed in ImageJ and can be found in Appendix A.1.

2.2.3 Near-field enhancement and microscope sensitivity

Experimentally near-field enhancement may be estimated by collecting a tilt series and

recording the mean grey counts, as exemplified by Figure 2.7. Briefly, a monolayer (ML)

of QDs (Evident Technologies/Birch Yellow) were spun cast onto a flame cleaned coverslip.

Nanocrystal fluorescence was collected on an intensified charge coupled device (I-CCD).

The excitation beam was tilted from an epi-fluorescence configuration into TIRF, collecting

full chip (512×512) images of the QDs at varying angles.
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Figure 2.7: Experimental enhancement of sample fluorescence as the excitation beam is tilted
off of the optical axis, θ0, toward the critical angle, θc. The enhancement increases by about
3.4× at 42◦. At angles greater than θc the incident and reflected wave undergo destructive inter-
ference leading to a rapid decrease in emission intensity. The subfigures (right) demonstrate the
enhancement and contrast improvement.

Near-field enhancement was maximised at an incident angle of about 42◦ with a 3.4×
enhancement. Theoretically, an enhancement factor of 4× may be achieved for S-polarised

light while P-polarised light yields 5× enhancement as shown in Chapter 1. In practice,
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this is not possible due to optical aberrations and reflective losses. Furthermore, significant

photobleaching of the QDs occurs at or near TIR. The sensitivity of the instrument was

verified by probing a fluorescently labelled protein (Invitrogen/Streptavidin/Alexa Fluor

546 conjugate) which had a total of 4 dye molecules on average attached. Sequential

photobleaching of the dye molecules, as shown by Figure 2.8, offers a qualitative measure

of microscope performance and its ability to detect photons from single dye molecules.
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Figure 2.8: a) Step-wise photobleaching of a single streptavidin protein molecule. Initially light
is harvested from all of the bound TMR dye molecules. Over the duration of the experiment each
of the bound TMR molecules undergoes photo-degradation, leading to the observed 4-fold drop in
intensity. Protein structures of b) monomeric streptavidin β-barrel and c) tetrameric streptavidin.

The protein was imaged using a continuous wave (CW) diode pumped solid state laser

(DPSSL) operating at 532 nm. The laser was focused to a diffraction-limited spot in order

to maximise photon flux and encourage photo-degradation. The light was collected on

an I-CCD at 12.5 frames per second (FPS). The trajectory trace is shown in Figure 2.8.

To collect useful data it is hugely important to gather an abundance of photons from the

point source of interest. Conventionally, this is realised by working with a high numerical

aperture (NA) objective lens.

2.2.4 I-CCD pixel size calibration and excitation footprint diameter

To ensure artifacts from beam inhomogeneity were rejected, the beam profile across the

sample was inspected. A high concentration of CdSe QDs was deposited onto a coverslip

and imaged using the 473 nm line. An image of the QDs was captured on the I-CCD and

a line profile of QD intensity recorded as shown in Figure 2.9b. The 1951 USAF resolution
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test chart was used to obtain the conversion factor for pixels to real-space. Real-space

conversion is needed to estimate laser power densities.
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Figure 2.9: CCD pixel calibration and laser footprint estimate. a) Line profile of the 1951 USAF
resolution chart (image). Here, group six element two (Edmund Optics) was imaged and gives
a real-space conversion of 75 nm/pixel. b) Cross-sectional illumination of a high density of QDs
using the 473 nm laser beam. Individual bright QDs are responsible for the sharp spikes observed
in the profile. The central region (15−35 µm) exhibits an average peak intensity 90±15 counts.
The red dashed lines show the region typically analysed in the experiments performed. The red
solid line shows the general Gaussian peak shape of the laser.

The beam diameter was estimated in real-space using the conversion factor of 75 nm/pixel

calculated from the 1951 USAF resolution test. The beam diameter was calculated using

the 1/e2 relation, where the maximum count reading of Figure 2.9b is 90 counts and

1/e2 ≈ 12 counts. The background was estimated to be about 30 counts and hence the

beam diameter at 42 counts was estimated to be 40 µm. This diameter was used to calculate

all beam intensities while operating in TIRF mode. Typically, an iris was placed in the

optical path before entering the microscope to ensure an even excitation power across the

sample and is emphasised in Figure 2.9b by the red dashed lines.

2.2.5 Detector sensitivity and noise sources

Noise encountered in single molecule spectroscopy is of special importance. The noise is

significant compared with ensemble techniques due to the inherently limited photon output

from a single fluorophore and the low photon collection efficiency of lenses, discussed previ-

ously. For many years it was scientific opinion that it would be impossible to observe single
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molecules amid the background noise. In spite of these challenges, the first observation of

single molecule fluorescence was reported by Moerner in 1989.214

Regrettably, image intensifiers and CCD chips exhibit intrinsic noise, for example, dark

current arising from the thermionic emission of photoelectrons even in the absence of a

photon stimulus. Fortuitously, a number of advances have been made in recent years to

circumvent some of the struggles inherent to single molecule spectroscopy, for instance,

efficient thermoelectric cooling of the acquisition device. A number of noise sources will

now be discussed in some detail. The manifestation of photon shot noise arises from

the discrete particulate nature of light. Statistically, shot noise is modelled by a Poisson

distribution.

P (k, λ) =
λkexp(−λ)

k!
(2.5)

In general, the variable λ is the expected number of occurrences and k is the actual number

of occurrences. Here occurrences refers to the detection of single photon events. At low

photon intensities shot noise dominates. The shot noise for a typical integrated signal

strength of 4500 e- is given by

Shot Noise(δshot) =
√
N ≈ 67 e- (2.6)

The stochastic nature of this fundamental phenomena cannot be controlled or eliminated

and remains the dominant noise source in many low light applications.215–217

Dark current is a weak temperature-dependent current that is present in photodetectors in

the absence of light. Phenomenologically, dark current arises due to thermionic emission

on the silicon detector and from fluctuations in electron numbers within the circuitry. The

problems encountered with dark current may be averted by cooling the CCD. Ordinarily,

cooling is performed thermoelectrically with the aid of closed-loop chilled water. Standard

CCD detectors habitually show a one-half reduction in dark current for every 5−9 K drop

in temperature. This is referred to as temperature doubling.218 The dark current/temper-

ature correlation, supplemented with images of the read noise at ≈ 260 K is illustrated by

Figure 2.10. Camera specifications quote a dark noise (δdark) value of 30 e-/pixel/s at a

temperature of 253 K.

Read noise (δread) is added homogeneously to all pixels during the conversion of charge

carriers to a voltage signal. As a result, the observed noise pattern remains completely

randomised. Calculation of the read noise may be realised through Equation 2.7 and

requires knowledge of camera video gain.

Read Noise(δread) =
DIσ ×G√

2
(2.7)
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here the value DIσ is the standard deviation of the difference image between dark frames

with camera exposure set to zero ms. The camera gain is given by G, where the gain may

be determined through the mean-variance method.219,220 This is explored in Appendix B.
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Figure 2.10: Demonstration of dark current. As the CCD chip approaches ≈ 260 K the dark
current becomes negligible. The black line is simply a guide for the eye. The read noise and
corresponding FFT portray the stochastic nature of the underlying photon shot noise. The absence
of fixed pattern noise in the FFT is indicative of the absence of dead pixels.

Feeding a gain factor of 45 e-/count into Equation 2.7 reports a read noise of about 30

electrons at a 5 MHz readout speed. The dynamic range of the camera is then

Dynamic Range =
Full Well Capacity

Read Noise
≈ 6000 : 1 (2.8)

12-bit cameras exhibit a count maxima of 212 counts. The full well capacity, which is

the maximum number of electrons a single pixel-well can hold before saturation, of the

model used here was measured as ≈ 184 ke- which is in good agreement with the claimed

factory specification of 180 ke- pixel depth. Ultimately, the signal to total noise (δtotal)

ratio (SNR) may be evaluated. Total noise may deduced from the in quadrature noise

summation.

δtotal =
√
δ2
read + δ2

dark + δ2
shot ≈ 73 e- (2.9)

It follows that, for a frequently measured QD signal of 100 counts at an exposure of 80 ms,

the SNR = 62:1 with an achievable quantum efficiency of (≥ 40%) at 546 nm.

The gain may be determined through the mean-variance method,219,220 where experimental

measurements using this method are explored in Figure 2.11. A series of bright flat-field

corrected images are captured at different light intensities along with a single dark-field
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image. The corrected mean intensity is then plotted against the variance of the bright

flat-field corrected difference image, generating a linear relation. Extracting the gradient

from the mean-variance plot imparts the gain factor.
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Figure 2.11: Mean-variance test repeated at micro-channel plate (MCP) gains of a−d) 0, 25, 50
and 80 respectively. e) As the MCP gain is increases less photoelectrons are required to elicit the
same count response. An MCP gain of 80 ≈ 2.5 e-/count delivered the optimum sensitivity for the
observation of single molecules.

In conclusion, the combination of a high NA objective lens coupled with an I-CCD device

allows for the study of single molecules. Background reduction techniques such as TIRF

minimises undesirable fluorescence. Rigorous pre-treatment of the coverslip by ozonation

and flame cleaning eliminates fluorescent residues that would otherwise inhibit the SNR.

The careful selection of dichroic mirrors and emission filters appeases the stringent demands

required for single molecule spectroscopy.

2.3 Spectroscopic, diffraction and imaging methods

Visualisation of single molecule fluorescence offers an unprecedented insight into QD pho-

todynamics but by no means provides complete insight into size, structure, composition

and surface related QD properties. To advance understanding of these latter properties a

multitude of spectroscopic techniques were employed to interrogate the bulk fluorescence,

crystal structure and surface ligands.
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2.3.1 UV-Vis and fluorometry

UV-Vis and fluorometry were employed to collect information such as the wavelength pos-

ition of the first exciton and concentration of QDs in solution. Furthermore, the FWHM of

the fluorescence profile was used to estimate sample monodispersity. A background refer-

ence was initially taken by pipetting hexane into quartz matched pair cuvettes. Colloidal

solutions in hexane were examined using a Thermo Scientific UV300 spectrometer. Data

were collected using a 1.0 nm data interval over a single cycle at 240 nm/min.

Samples were diluted serval times in hexane for fluorescence measurements. It was vital to

ensure the absorbance of the specimen was between 0.03 and 0.05 to eliminate any inner

filter effects.221 Fluorescence spectra were collected using a PerkinElmer LS45 fluorescence

spectrometer. An excitation wavelength of 490 nm was routinely used with the excitation

and emission slits set to 10.0 nm and a scan speed of 500 nm/min. Photomultiplier voltage

was locked at 650 volts. Quantum yields were measured using the relative QY method.221

QY =
As
Ax

Fx
Fs

nx
ns

Φs (2.10)

The subscripts s and x refer to the standard and unknown, respectively. Here, A is the

absorbance at the excitation wavelength used for PL measurements, F is the area beneath

the fluorescence curve, n is the refractive index of the solvent and Φs is the QY of the

standard. Rhodamine 6G dissolved in methanol was chosen as the standard. The QY of

the standard was taken as 0.95, in accord with literature.222 Briefly, the concentration of

the QD sample was first determined using Peng’s relations70 and an identical concentration

of rhodamine 6G prepared. The QD sample and rhodamine 6G reference were both diluted

following UV-Vis measurements to produce a concentration with an absorbance between

0.03 and 0.05 for PL measurements. Rhodamine 6G was chosen as a suitable reference

since both the rhodamine 6G and most of the QD samples studied absorb strongly at the

excitation wavelength of 490 nm typically used generate PL spectra.

2.3.2 Dynamic light scattering (DLS)

DLS was used as an alternative method for measuring the size distribution of QDs. Spe-

cifically, DLS was used to measure the average hydrodynamic radius of QDs, where the

hydrodynamic radius is typically larger than the inorganic core radius due to a layer of

surface ligands on the QD, which act to reduce the Brownian motion of the particles. Col-

loidal dispersions in hexane were first centrifuged at 10000 RPM for two minutes to remove

any large aggregates. The supernatant was collected and decanted into a quartz cuvette.

Measurements were taken using a Malvern Zetasizer Nano ZS. The instrument was set
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to collect data for eight runs at 30 seconds. Equilibration time was set to two minutes

and the temperature was 25◦C. The instrument was based on the 173◦ collection angle

architecture. This arrangement allows excellent removal of dust particulates, which are

predominantly forward scattering, from the detected signal by reducing laser path length

through the cuvette.

Particle size distributions (PSDs) are calculated from the Brownian motion223–225 of NPs

in solution. As NPs undergo motion in solution scattered light reaching the detector fluc-

tuates. The rapidity of fluctuation is size-dependent. An autocorrelation function reveals,

for a monodisperse sample, a single exponential decay. The autocorrelation function is

given by

G2(τ) =
< I(t)I(t+ τ) >

< I(t) >2
(2.11)

where I(t) is signal intensity at time t and I(t + τ) is signal intensity at some lag-time.

At vanishingly small lag-times a perfect correlation is recorded. The exponential decay is

fitted according to the expression below

G2(τ) = α+ βe−2Υτ (2.12)

where α is the baseline of the correlation function at infinity, β is the amplitude of the

correlation function at (τ = 0) and Υ is the characteristic decay constant. This may then

be used to derive the diffusion coefficient as follows

Υ = ζ2Dt ζ =
4πn0

λ
sin

θ

2
(2.13)

where ζ is the laser scattering vector amplitude, Dt is the diffusion coefficient, λ describes

the laser wavelength (HeNe gas laser/633 nm/4 mW), n0 is solvent refractive index and θ

equates to the scattering angle relative to the cuvette. In this way the diffusion coefficient

was used to determine the hydrodynamic radius, which may be calculated using the Stokes-

Einstein relation

Dt =
kBT

6πηRH
(2.14)

where kB is the Boltzmann constant, T is the absolute temperature, η is media viscosity

(hexane = 2.97×10−4 N s m−2) and RH gives the hydrodynamic radius for spherical

particles.

2.3.3 Inductively coupled plasma-mass spectrometry (ICP-MS)

To estimate the stoichiometry of the NPs produced ICP-MS was employed. Typically, QDs

were dried overnight under vacuum in a desiccator. The powder (100 mg) was transferred
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to a glass vial and dissolved in concentrated nitric acid (1 mL) overnight. Any undissolved

material was removed by centrifugation at 10000 RPM for 90 seconds (Eppendorf/Min-

ispin). Samples were diluted 10-fold with Milli-Q Ultrapure water (18.2 MΩ). The analysis

was conducted using an Agilent 7500ce Series ICP-MS operating in helium collision mode

(RF power = 1500 W). Diluted samples were introduced into the MicroMist glass concent-

ric nebulizer using a peristaltic pump. Aerosol droplets were passed through an Omega

ion lens (Omega bias = −24 V/Omega lens = −0.6 V) to a plasma torch via a Scott-type

spray chamber. High-temperature plasma was generated by pulsing argon gas with high

frequency (27 MHz) electrons.

An octopole reaction cell (octopole bias = −18 V) was used to separate polyatomic species

from atomic ions. Helium collisions with large polyatomics are, in general, more frequent

than collisions with atomic ions. Kinetic energy discrimination (KED) was used to isolate

the desired atomic ions. Quadrupole mass spectrometry (quadrupole bias = −14.5 V) was

used to separate ions based on their charge/mass ratio. Calibrations were performed using

ICP-MS grade standards.

2.3.4 Powder x-ray diffraction (XRD)

Powder x-ray diffraction was used to assign space groups to the different NPs produced,

calculate lattice spacings, and estimate NP size from peak broadening of the diffracted x-

rays. Briefly, solid NC pellets were dried overnight in a vacuum desiccator. The solid was

ground into a power (300−800 mg) and pressed into the central spot of a zero diffraction

plate before loading into the XRD. An image of the dry, purified nano-powder is presented

in Figure 2.12. Work here was carried out on a Siemens D500 powder x-ray diffractometer

using copper K-alpha radiation (0.154 nm) operating at 40 kV and 30 mA.

In general, characteristic x-rays were produced by electrons emitted from a tungsten fil-

ament colliding with a copper target. Emitted divergent radiation was passed through a

beryllium window toward a K-beta filter followed by a collimating divergence slit and a

set of Soller slits removing unwanted out of plane incident x-rays. The instrument was

configured in a Bragg-Brentano (θ−2θ) array with a large diameter goniometer (600 mm).

Incident radiation was diffracted by the sample at given angles and passed toward a second

Soller slit before propagating through a monochromator.

The phenomenon of x-ray diffraction is well described by the Laue and Bragg relations.226,227

Historically, the Laue conditions outlined below show that diffracted x-rays only undergo

constructive interference when the path length difference between x-rays equates to a com-

plete wave cycle. Incident radiation, depicted in Figure 2.13 as δ1, is diffracted by the
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lattice to a new angle, where constructive interference occurs when the diffracted waves,

in the direction of δ2, are in phase. Importantly, changes to the path length of x-rays

diffracting off the crystal lattice inherently results in a phase shift.
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Figure 2.12: QD product to XRD spectra workflow. a) Purified, dry CdSe nano-powder under
a UV lamp 365 nm. The product was ground into a fine powder using a pedestal and mortar.
b) Model of the diffracting planes where the line (purple) indicates the (002) lattice plane of the
wurtzite CdSe structure. c) The constructive interference of diffracted x-rays off the sample gives
rise to the peaks in the XRD spectrum at precise angles, where the angles at which the diffracted
x-rays are in phase depends on the underlying crystal structure. Here the stick patterns (top and
bottom) show simulated wurtzite and zinc blende XRD patterns while the spectrum (centre) shows
the experimental data acquired.

To recover an in-phase diffracted beam the path lengths must differ by a complete wave

cycle. Here, distances AB and CD may be expressed trigonometrically as follows

AB = βcosθ1 CD = βcosθ (2.15)

where it can be seen from Figure 2.13 that β is distance between atom A and atom B, θ is

the angle between the crystal surface and the incident x-rays and θ1 is the angle between

the surface and the diffracted x-rays. It is simple to show that the path length difference

is simply

AB− CD = βcos(θ1 − θ) (2.16)

which reformulating in terms of primitive lattice vectors and assuming unit vectors of δ1
and δ2 yields the general Laue relation

AB = δ2 · β = |β|cosθ1 (2.17)

CD = δ1 · β = |β|cosθ (2.18)

AB− CD = β · (δ1 − δ2) = β ·∆K (2.19)

where ∆K is the vectorial difference between the incident and diffracted x-rays, hence

Equation 2.19 can be decomposed into three components for a 3D Bravais lattice where
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a1, a2 and a3 represent the primitive basis vectors.

a1 ·∆K = 2πh (2.20)

a2 ·∆K = 2πk (2.21)

a3 ·∆K = 2πl (2.22)

∴∆K · (a1 + a2 + a3) = 2π(h+ k + l) (2.23)
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Figure 2.13: Incident radiation, δ1, is diffracted by the atomic planes (red spheres). The diffrac-
ted x-rays propagate along δ2 toward the detector. Upon interaction with the lattice, x-rays will
be phase shifted by their difference in path length. The inset (left) illustrates the vectorial differ-
ence between the incident and diffracted x-rays and the inset (right) highlights the key geometries,
where β is the distance between atomic planes.

The Laue conditions are equivalent to the more commonly used Bragg equation, as shown in

Appendix D.12. Bragg’s law was used determine lattice spacings and the calculated values

were compared to real-space measurements in HR-TEM images. Nelson-Riley functions,

which act to reduce measurement errors of the lattice parameter by taking into account

sample absorbance, were employed to determine lattice parameters of the NCs.

2.3.5 X-Ray photoelectron spectroscopy (XPS)

XPS was used to probe the atomic electronic states of dry, solid QD powders and to

investigate the degradation of QDs through the formation of SeO2. Samples were analysed

using a Thermo Scientific K-Alpha XPS instrument (Department of Materials/University

of Oxford) equipped with a microfocussed monochromated Al x-ray source. The Al x-ray

source was operated at 12 keV using a 400 µm spot size. A constant analyser energy (CAE)
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of 200 eV for survey scans and 50 eV for detailed scans was used. A Low energy/ion flood

source was used to achieve charge neutralisation.

Peak fitting was performed by the material characterisation service at the University of

Oxford using the Thermo Scientific Avantage software. Peak fitting (Lorentzian/Gaussian

(L/G) 30%) was applied following removal of a Smart background. Normalised atomic

percentages were determined from peak areas of the elemental main peaks detected on

the survey scan following background subtraction and application of Thermo sensitivity

factors.

2.3.6 Transmission electron microscopy (TEM)

A variety of TEM techniques were used to determine the particle size distribution, shape

of the NCs and elemental composition of single core-shell QDs. Furthermore, HR-TEM

measurements provided detail on the crystal structure and lattice spacings of single QDs.

Exploitation of the wave-particle duality principle228 derived in 1924 initiated development

of the first functional electron microscope. The introduction of the electron microscope in

1931 by Ruska and Knoll229 offered a huge improvement in spatial resolution performance

compared with traditional optical microscopy. At high accelerating voltages, typical in

TEM, electrons reach a significant fraction of the speed of light with wavelengths on the

order of a few picometres. The velocity of the electrons impinging on the specimen is

expressed as

ν =

√
2eΩ

m0
(2.24)

where velocity is represented by ν, the elementary charge is e, accelerating voltage is Ω and

m0 is the electron rest mass. At a conventional high tension of 200 kV electrons travel at

about 85% of the speed of light. At these speeds the de Broglie relation outputs a matter

wave of about 2.5 pm via Equation 2.25. Accounting for relativistic effects this yields

λ =
h√

2m0eΩ

1√
1 + eΩ

2m0c2

(2.25)

where λ signifies electron wavelength and c is the speed of light. Equally important is the

number of electrons bombarding the sample. A probe current of 0.7 nA delivers approxim-

ately 4 billion electrons/s to the sample. However, at such high speeds (>200000 km s−1)

the electrons traverse the sample consecutively separated by an average distance of 5 cm.

Controlling these values is especially important to limit knock-on damage of radiation

sensitive materials.230 In general, the samples prepared in this work were not noticeably

damaged by the beam but it should be noted that under EDX analysis, using probe dwell

times of 200 ms/pixel, the carbonaceous sample grid underwent considerable destruction.
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Samples were typically prepared by dropping a dilute solution (10 µL) of NPs dissolved

in hexane onto a copper or nickel carbon grid (Agar Scientific/Carbon Films on 400 Mesh

Grids Copper/Nickel). Hexane was allowed to evaporate off for 5 minutes at room temper-

ature before sample insertion. High-resolution work was completed using an FEI-Tecnai

Osiris S/TEM with the assistance of the Department of Materials Science and Metallurgy

at the University of Cambridge. All low-resolution images were procured using either a

Hitachi-7100 or JEOL-JEM-1400Plus following a University upgrade to the JEOL system.

All electron tomography was carried out using the JEOL-JEM-1400Plus.

FEI-Tecnai Osiris S/TEM: High-resolution (HR-TEM), high-angle annular dark field

(HAADF) and scanning transmission electron microscopy coupled with energy dispersive

x-ray analysis (STEM-EDX) was undertaken using an FEI-Tecnai Osiris S/TEM. The

instrument was run using a field-assisted thermionic emitter (FEI/extreme Schottky gun

(XFEG gun)). The electron gun operated at 200 kV with a brightness of (2.6×1013 A/m2sr)

and was capable of delivering currents of up to 50 nA. Sample grids were fixed into a

standard low-background beryllium single-tilt holder.

EDX maps were constructed using an FEI super-x EDX system with four Bruker silicon

drift detectors (SDDs). Each detector had an area of 30 mm2 and the detectors were ar-

ranged about the central axis, leading to a collection solid angle of about 0.9 sr3. Spectrum

images (SI) were produced using a probe current of 0.7 nA at an accelerating voltage of

200 kV, where the EDX SI is comprised of a three-dimensional data set. Here, the x and

y axis correspond to the position of the probe and the z-axis corresponds to the intens-

ity and energy of the detected x-ray. The electron probe was first focused and corrected

for astigmatism through the observed Ronchigram.231 The low spherical aberration beam

was scanned over the sample with a dwell time of 200 ms/pixel with a spatial resolution of

1 nm/pixel. Data was processed using the Tecnai imaging and analysis software. Raw EDX

spectra were assigned using a standard lookup table issued by Bruker. HR-TEM images

were taken on a Gatan UltraScan 1000XP (2048×2048 pixel) camera with a high-speed

upgrade. The system afforded a point resolution of 0.25 nm at near Scherzer defocus, which

is the focus position at which the first minima of the contrast transfer function of Figure

2.14 extends to the highest frequency in reciprocal space, and 0.18 nm whilst operating

in STEM-HAADF mode. Fast Fourier transforms of HR-TEM images and inverse lattice

reconstruction using selected lattice planes was completed using the ImageJ software.

Hitachi-7100: Brightfield images were captured using an accelerating voltage of 100 kV.

The microscope was fitted with a LaB6 filament. Images were gathered on an axially

mounted 16-bit Gatan Ultrascan 1000 (2048×2048 pixel) CCD.

JEOL-JEM-1400Plus: Grids were loaded into either a quick change or quartet specimen

holder. The microscope was operated at an accelerating voltage of 125 kV using a LaB6
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filament, which produced a typical point resolution of 0.53 nm. Selected area electron

diffraction (SAED) was most routinely performed using the smallest selected area aperture

at low beam intensity, to avoid camera saturation, and a camera length of 300 mm. Images

were accumulated on a 16-bit Gatan (4096×4096 pixel) OneView CMOS.

Electron tomography was completed using a single axis high-tilting sample holder. A

tilt series was typically generated between ±50◦ using 2◦ increments. The z-position of

the stage was coarsely set to the correct eucentric position and fine-tuned using the JEOL

recorder software. The tomogram was reconstructed using the ETomo software and, finally,

a 3D volume was produced using the Tomviz software.

The contrast transfer function (CTF) was measured to assess the suitability of the TEM

for the purpose of resolving single QDs. This was realised by capturing an image of an

amorphous region of interest as shown by Figure 2.14. Calibration of the point resolution

was carried out using a tobacco mosaic virus reference image along with the corresponding

Thon rings obtained from the FFT of the amorphous regions in the image.
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Figure 2.14: Calculation of the point resolution for the JEOL-JEM-1400Plus. a) The tobacco
mosaic virus imaged at a point resolution of 0.53 nm kindly provided by the electron microscopy
department at the University of Sussex. b) Corresponding power spectrum from an amorphous
region of image a) from which a line profile was constructed. c) Line profile of the power spec-
trum. The line profile crosses the abscissa at 1.88 nm−1, yielding a point resolution of 0.53 nm.
Conceptually, the first minima in the Thon ring power spectrum is the lowest spatial frequency
at which the contrast in the image is at a turning point. Importantly, the contrast turning point
allows two nearby objects to be resolved at the defined spatial frequency. In the case of HR-TEM
it is desirable to collect images in the near-Scherzer defocus regime, where the CTF crosses the
abscissa at higher spatial frequencies.
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2.3.7 Nuclear magnetic resonance (NMR)

To investigate the organic surface ligand coverage of single QDs NMR was employed. In

general, NMR measurements were conducted using a Varian VNMRS 600 spectrometer

(Agilent Technologies). Magic angle spinning (MAS) experiments were performed using a

4 mm HR-MAS 1H(X) probe together with an MAS gradient coil capable of producing a

gradient of up to 138 G cm−1 (NanoProbe). Liquid phase proton NMR measurements were

acquired using a 5 mm X(1H) broadband probe coupled with an actively shielded z-gradient

coil producing up to 72 G cm−1. All experiments were conducted at 298 K using the VnmrJ

software. MestreNova software was used for interpreting 1D NMR spectra and NOESY.

Diffusion data were analysed using the DOSY Toolbox (version 0.8).232

1D Proton NMR: A frequency of 599.7 MHz was used to generate 1H spectra with a

spectral width of 9615 Hz, 32768 data points with up to 128 transients. At thermal equilib-

rium the population of spins aligned with the magnetic field (αpop) and the population of

spins opposed to the magnetic field (βpop) of the 1H nuclei are described by the Boltzmann

distribution
βpop
αpop

= e
−∆E/kBT (2.26)

where the Boltzmann constant is kB, absolute temperature is defined by T and ∆E equates

to the difference in energy between spin states. Importantly, the difference in energy

between the two spin states is given by

∆E = hν = ~γB0 (2.27)

where gyromagnetic ratio is termed γ and the magnetic field strength specified as B0.

In the context of simple proton NMR with an applied magnetic field of 14.1 T a radio

frequency pulse of 600 MHz would be the required resonance frequency. Evidently, even

within large magnetic fields at room temperature, population differences are minuscule

(βpop/αpop ≈ 0.999) where a small bias toward the lower energy α spin state is observed.

2D Diffusion NMR: Recently, a number of reports have emerged where 2D NMR meth-

ods have been used to investigate the organic surface ligand coverage on QDs in solution.

Expectedly, ligands bound to slow tumbling and slow diffusing QDs exhibit different diffu-

sion times and NMR peak shapes from the free ligand.154,155 A one-shot pulse sequence233

shown by Figure 2.15 was used for surface ligand coverage studies. This pulse sequence

offers rapid synthesis of 2D DOSY spectra by eliminating the need for phase cycling. Fur-

thermore, the one-shot pulse sequence significantly reduces eddy currents often problematic

in simple pulsed field gradient spin echo (PFGSE) sequences.234
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Accounting for the unbalanced bipolar gradients one may obtain the signal attenuation

characterised by the modified Stejskal-Tanner equation.233

I(g)

I(0)
= exp(−γ2g2δ2D

(
∆ +

δ(α2 − 2)

6
+
τ(α2 − 1)

2

)
(2.28)

In this formula the gyromagnetic ratio is γ, the average amplitude of the diffusion-encoding

gradient pulses is g, diffusion-encoding pulse length is termed δ where each bipolar pulse

length is δ/2, the distance between two diffusion-encoding midpoints is ∆, the imbalance

factor is given by α, the diffusion coefficient is designated D and time between single

gradient pulses in a single diffusion-encoding period is set to τ .

Procurement of spectra was achieved using a diffusion delay (∆) of 50 ms, a diffusion

encoding gradient pulse (δ) of duration 2 ms, and a total of 15 gradient amplitudes varying

in strength from 2.00 G cm−1 up to 60.6 G cm−1. An imbalance factor (α) of 0.2 was used

in all experiments.
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Figure 2.15: One-shot pulse sequence adapted from Pelta et al.233 The radio frequency (RF)
pulse scheme is shown (top), where the free induction decay is illustrated by the sinusoid (right)
and the magnetic field gradient pulse scheme is shown (bottom), where the arrow heights denote
the magnitude of the pulse and the width illustrates the pulse duration. The diffusion delay is
represented by ∆, the gradient pulse length is δ with a bipolar pulse duration of δ/2 and τ is the
time between the antiphase gradient midpoints.

It was discovered that standard DOSY measurements failed to provide high enough resol-

ution to distinguish clearly between the bound surface ligand and free ligand in solution.

To address this problem MAS was employed to average out anisotropic dipole-dipole in-

teractions thus sharpening the resonance of the bound ligand fraction. Acquisition of data

using MAS-DOSY was performed using a diffusion delay (∆) of 50 ms, a diffusion encod-

ing gradient pulse (δ) of duration 1 ms, and a total of 15 gradient amplitudes varying in

strength from 5.09 G cm−1 up to 80.1 G cm−1. An imbalance factor (α) of 0.2 was used

in all experiments. Samples were rotated at a spin rate of 2000 Hz and the pulse sequence

delays rotor synchronised.
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2D nuclear Overhauser NMR: Nuclear Overhauser effect spectroscopy (NOESY) was

used to complement 2D DOSY spectra whilst investigating ligand coverage of single QDs.

In the systems investigated in this thesis, QDs with bound surface ligands were expected

to diffuse slowly in solution and relax predominantly via a zero-quantum transition with

an associated negative NOE. The free unbound ligand was expected to diffuse rapidly with

an associated positive NOE. This is explored in more detail in Section 4.2.2. NOESY was

undertaken using MAS utilising a zero-quantum filter pulse sequence. The mixing delay

was set as 200 ms with a relaxation time of 1 s using 200 t1 increments. Samples were

rotated at a spin rate of 2000 Hz.

2.4 Simulation methods

All simulation work presented herein was performed using the Gillespie stochastic simu-

lation algorithm (SSA).235 Conventional solutions to time evolution problems inherently

involve solving the rate equations for the system for which analytical solutions may only

be found in the simplest of cases. Moreover, traditional numerical methods of solving

the ordinary differential equations that describe the rates of population change in a kinetic

scheme ignore the probabilistic nature of the integrating time step and selection of the sub-

sequent state transition. The SSA addresses the shortcomings of traditional rate equations

by sampling both the residence time in a particular state of the system and the subsequent

transition out of the state in a purely probabilistic manner. Simply put, slow transitions

are less probable and give rise to long-lived states with a corresponding large integrating

time-step. The SSA is therefore more computationally economic than traditional fixed

time-step Monte Carlo methods. The time step is sampled from an exponential distribu-

tion first shown to be valid by Feller236 by adopting the Kolmogorov equations.237 In order

to understand how this is implemented, consider the elementary bimolecular system below

A + B −→ AB (2.29)

for which the elementary rate laws are given by

r1 = k1[A][B] r2 = k2[AB] (2.30)

where the total rate r0 is now

r0 =
∑

rn (2.31)

and the probability for the forward reaction, P (f), and reverse reaction, P (r), is then

simply given by Equation 2.32.

P (f) =
r1

r0
P (r) =

r2

r0
(2.32)
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The time step until the next reaction occurs is set by sampling an exponential distribution

such that the delay time, τ , between steps is

τ =
−ln(µ1)

r0
(2.33)

where the variable µ1 is generated from a random number generator within the interval of

[0, 1]. Following calculation of the time step, the reaction to take place is determined, that

is, A and B reacting to form AB or the AB dimer dissociating back into reactants subject

to the condition given by Equation 2.34.

m∑
n=1

rn < µ2r0 ≤
m+1∑
n=1

rn (2.34)

Conceptually this is achieved by generating a random number, µ2, in the interval [0, 1] to

determine which reaction occurs as attested in Figure 2.16. In the simplest case, where no

AB dimer molecules have formed the forward reaction is the only possibility. A random

number, µ2, in the interval [0, 1] is generated and Equation 2.34 is evaluated, where if

0 < µ2 ≤ 1 then the forward reaction occurs.

0 1

P(f) P(r)

P(f)

0 1

0 1

P(f) P(r)

Figure 2.16: At time t = 0 (top) no dimer molecules AB are present and so the forward reaction
is the only possibility. At time t = t + τ (middle) a single dimer molecule has formed but due to
the small reverse rate constant it is more probable another AB dimer molecule will be formed. As
the number of AB molecules increases (bottom) the reverse reaction becomes increasingly likely.

The populations of the species are updated depending on which reaction occurred, and the

rates and probabilities recalculated. The time is updated as t = t+ τ and the simulation

repeated for a user-defined number of loops. The dimer molecule AB may now dissociate

back into reactants A and B. To determine if the forward or reverse reaction occurs a

random number, µ2, is generated in the interval [0, 1], where if 0 < µ2 ≤ P (f) then the

forward reaction is selected. The reverse reaction is selected if P (f) < µ2 ≤ P (f) + P (r).

The results of a pseudo first order reaction simulation are given in Figure 2.17. The first

step of the simulation is to initialise the number of starting molecules for all species. In
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this example the starting conditions have been set to [A]0 = 2 × 106, [B]0 = 1 × 105 and

[AB]0 = 0. It is then necessary to assign rate constants to the reactions. The forward rate

constant is k1 = 20 M−1 s−1 whilst the reverse rate constant is k2 = 1 s−1.
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Figure 2.17: Stochastic simulation of a pseudo first order reaction. a) Temporal evolution of
monomer A in the reaction. The number of molecules of A is effectively constant during the
reaction. b) Molecules of B rapidly decrease toward zero. The inset shows the log of the integrated
rate law yielding a linear dependence with an R2 = 0.99. c) Tracks the production of product AB.
As fewer B molecules become available the reaction gradually plateaus.

The simple example given may be readily modified to include more complex pathways.

Indeed within the framework of the CTST model, there are several competing processes.

Herein, the CTST model will be introduced at the most basic level to highlight the useful-

ness of the SSA implemented in forthcoming chapters. In the simplest model, a single QD

may be excited from the neutral ground state (X00) to the neutral excited state(X∗00). The

excited electron may then either relax back to the conduction band (CB) edge followed

by radiative recombination with the valence band (VB) hole. Alternatively, the excited

electron may tunnel to an external substrate trap giving rise to a core charged QD (X+
10).

At the most elementary level transitions out of the neutral excited state (X∗00) may be

described by the following scheme

X∗00 −→ X00 + X+
10 (2.35)

where in this more sophisticated example a total of four rate constants must be declared

X∗00
k1−→ X00 X∗00

k2−→ X+
10 (2.36)
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X00
k′1−→ X∗00 X+

10

k′2−→ X∗00 (2.37)

where the total rate is specified as:

r0 = k1[X∗00] + k2[X∗00] + k′1[X00] + k′2[X+
10] (2.38)

Creation of a probability line is more complex in this example. The probability of all

previous steps must be added to the current step as shown within the bespoke macro

included in the appendix.

Having developed an understanding of these hypothetical models it is now prudent to

justify the appropriateness of the SSA over a traditional Monte Carlo method. An ex-

cellent account of a typical Monte Carlo algorithm is outlined by Cohen238 for a simple

unimolecular first order reaction. Contemplate the following reaction scheme

A k1−→ B (2.39)

the temporal evolution of monomer A is described by the ordinary differential equation

d[A]
dt

= −k1[A] (2.40)

with exact solutions of the form

[A] = [A]0e
−k1t (2.41)

The algorithm proceeds by dividing the reaction volume into a number of spatial domains

where the total number of domains is termed Γ and each domain contains a small number,

δ0, of the total initial number of A molecules expressed as

δ0

Γ
= β[A]0 (2.42)

where β is the proportionality factor. A domain is next selected at random and if it

contains a molecule of A the probability of reaction is computed as

σ =
k1∆t

β
(2.43)

where the reaction probability is designated σ and ∆t is the time increment defined by

the user. Finally, a random number, µ, determines if the reaction is successful; that is, if

µ ≤ σ the reaction occurred. Herein lies the major advantage of the SSA over Monte Carlo

techniques. The Monte Carlo method squanders precious computing resources by explicitly

simulating every time step ∆t with no regard to the outcome of the reaction. In contrast
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the Gillespie algorithm is less computationally demanding since the time step interval

between successful reactions is sampled from an exponential distribution. In conclusion,

the SSA is pertinent and efficient for modelling the highly distributed kinetics associated

with QD blinking.



Chapter 3

Opto-structural characteristics of colloidal

nanoparticles

A cornerstone of materials science is an understanding of the relationship between structure

and function. Both ensemble spectroscopic and single particle microscopic measurement

of the optical and structural properties of quantum confined materials is the sine qua non

of any predictive model hypothesised. To this end, this chapter presents bulk UV-Vis and

fluorescence data on a range of NPs, with particular emphasis on energy quantisation in

relation to NP size. Furthermore, composition and structural integrity of the NPs was in-

vestigated using electron microscopy, diffraction and photoelectron techniques. Single NPs

are probed using state-of-the-art imaging techniques, including elemental mapping and

diffraction instruments in order to scrutinise the interplay between the exciton dynamics

and structural properties. The dielectric perturbations in the immediate QD environment,

largely caused by the QD surface ligands, has been examined through NMR methods.154 As

a final note, previous studies have pointed to the structural disintegration of NPs through

a photo-oxidative mechanism.34,35 Here, this degradative route is followed by employing

XPS, to interrogate the QD surface product, and a modified inverted fluorescence micro-

scope fitted with a diffraction grating to investigate PL enhancement and photoblueing

associated with single QD degradation.

The wealth of information provided by opto-structural investigation provides the platform

for the construction of a new model to describe both QD photophysics and photochemistry

with a level of physical insight not generally provided by other descriptions. The model

rationale will be introduced in this chapter to account for the observed photo-enhancement,

photodecay and concomitant photoinduced blueing. Acquired experimental data will be

compared with simulated trajectories to validate the model as a suitable candidate for

explaining the complex behaviour of single semiconducting nanocrystals.
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3.1 Ensemble fluorescent properties

3.1.1 CdSe QDs

Bulk UV-Vis measurements were performed on all samples to provide a qualitative as-

sessment of sample monodispersity, first exciton absorption wavelength and exciton con-

finement regimes. As previously alluded to, in Figure 1.10, significant broadening of the

absorption bands is a signature of poor monodispersity for CdSe QDs. High-quality mon-

odisperse samples typically show resolved transitions for the first exciton, with a homogen-

eously broadened linewidth of around 25−30 nm239 that is distinct from nearby valence

states, where broader QD size distributions lead to merging of the peaks by virtue of

their size-dependent electronic properties. The first exciton absorption wavelength was

frequently used as a sizing tool, which was particularly important when calculating SILAR

shell infusion volumes.
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Figure 3.1: Bulk UV-Vis properties of CdSe QDs. a) Size and wavelength evolution of CdSe QD
aliquots. Growth quenching immediately after nucleation leads to short wavelength QDs (blue).
Longer growth times of several minutes led to longer wavelength QDs (red). b) Magnified view of
the 3.5 nm profile where i) ii) and iii) pinpoint the optical transitions (right).

The SILAR method, which involves successive deposition of ionic precursors to the CdSe

seeds, grants access to controlled epitaxial growth of both CdS and ZnS shells with mono-

layer precision. In short, to achieve the desired shell thickness it was necessary to determine

the number and size of the core CdSe seeds. As an example the UV-Vis profile of Fig-

ure 3.1b has an observed absorbance of 1.35 and a first exciton absorbance wavelength
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of 570 nm. Adopting the Peng relations70 and the Beer-Lambert law one can success-

fully derive a QD diameter of 3.5 nm with an extinction coefficient of 1.64×105 M−1cm−1.

Ultimately, this gives a concentration of 8.2×10−6 mol dm−3 assuming a 1 cm cuvette path

length. The calculation is then simply a matter of calculating the volume of a single con-

centric shell for all QDs in the reaction vessel assuming a single ML thickness of 0.31 nm

for ZnS240 and 0.36 nm for CdS, as reported elsewhere.116,241

A trademark of quantum confined excitons is the relationship between QD size and the

energy of confinement. At the most introductory level the evolution of the QD absorption

wavelength may be explained through the particle in a box model. However, the 1D square

well model is too crude to arrive at realistic eigenfunctions for the system. To remedy

this the Schrödinger equation must be solved using spherical polar coordinates. Angular

solutions to the Helmholtz equation formulated in spherical polar coordinates take the

form of associated Legendre polynomials. The associated Legendre equation, as derived in

Appendix D.9, may be expressed by Equation 3.1.

(1− x2)
d2

dx2
Pml (x)− 2x

d

dx
Pml (x) +

(
l(l + 1)− m2

(1− x2)

)
Pml (x) = 0 (3.1)

Importantly, the Legendre polynomial, P 0
0 , is rotationally invariant, in accordance with

the s-orbital like symmetry of the spherical system that is generally adopted for the QD

nanocrystals.15 The Legendre polynomials are solutions to the polar angle portion of the

angular wavefunction.

Now address the azimuthal solutions to the angular wave equation set out below. Sub-

stituting solutions of the form Φ(φ) = eim(φ) yields the desired equality. The solution is

verified by substitution into Equation D.142 and may be found in the appendix.

1

Φ

(
d2Φ

dφ2

)
= −m2 (3.2)

It is then clear that the complete angular solutions take the form of spherical harmonics

Y m
l (θ, φ) = Aeim(φ)Pml (cosθ) (3.3)

where A is a normalisation constant and is given by

A =

(
2l + 1

4π

(l −m)!

(l +m)!

)1/2

(3.4)

hence for semiconductor QDs the complete angular description of the wavefunction is given

by the substitution of l = 0 and m = 0 into Equation 3.4 producing Equation 3.5.

Y 0
0 (θ, φ) =

1

2

√
1

π
(3.5)
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Exciton confinement arises from the radial solutions to the Schrödinger equation where

a well behaved function will vanish at the boundary and appear smooth and continuous

throughout the potential well. The radial solutions take the form of spherical Bessel

functions of the first kind producing eigenvalues of the form Eex = k2h2/8mR2 that

demonstrate an inverse size-dependence of the exciton confinement energy. This simple

estimation of exciton confinement energy was further modified by Brus15 to include a

Coulombic attraction term between the electron and hole and a polarisation term. This

description provides the basic justification for the observed hypsochromic shift from large

QDs to smaller particles.

3.1.2 CdSe.CdS core-shell QDs

The CdSe cores prepared were subsequently used, in most cases, as the seeds for SILAR

shell growth. The purpose of the SILAR within the context of this thesis was to fabricate

QD core-shell systems with precise control over both the shell material and thickness.

The introduction of an inorganic shell has previously been shown to improve the QY

by dramatically altering the blinking behaviour at the single molecule level.37,242,243 The

ensuing chapters will offer insight into the mechanisms by which the QY is improved in

the core-shell systems synthesised. As previously reported, capping of bare CdSe QDs

leads to a visible redshift in emission, as reported by Figure 3.2, and broadening of the

spectroscopic features, where the spectral broadening is largely due to the small increase

in QD size distribution, as will be revealed by TEM measurements.
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Figure 3.2: Core-shell CdSe.CdS bulk UV-Vis and PL profiles. a) Bare CdSe cores, b) CdSe.CdS
0.9 ML, c) CdSe.CdS 2.1 ML and d) CdSe.CdS 3.5 ML. Insets show vials of the as prepared
QDs in hexane under a UV lamp. Leakage of the exciton wavefunction from the QD core into
the shell is responsible for the observed redshift. The wavefunction is constrained poorly at the
core-shell interface, resulting in a larger effective QD radius. The diagrams (centre) emphasise the
softer potential energy barrier at the QD core-shell interface compared with the bare CdSe core-air
interface. Importantly, leakage of the exciton wavefunction into the shell reduces the confinement
energy, Eex, thereby producing longer QD emission wavelengths for thick-shell systems (right).
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The recorded redshift has important implications within the framework of the model of

photophysics presented in this thesis, most notably on the rate of ground to first-exciton

state excitation. Briefly, the rate of excitation of CdSe core QDs is proportional to the

volume of the QDs. Clearly, modification to this definition is required to account for the

increased size of the core-shell QDs. Remarkably, data has shown that the alteration is not

simply the new inorganic core-shell radius as measured by TEM, but rather an effective

radius. Indeed this is not entirely unexpected. In the case of multiple shells, for example,

CdSe.CdS 3.5 ML as above, the observed wavelength is considerably shorter than what

would be expected from the dimensions of the core-shell QD outer shell radius.

3.1.3 CdSe.ZnS core-shell QDs

The effective exciton radius manifests from the leakage of the electron and hole wave-

functions into the surrounding shell due to the relaxation of the sharp potential barrier

encountered for bare CdSe QDs. Interestingly, the observed bathochromic shift is more

pronounced for CdSe.CdS QDs than in their CdSe.ZnS QD cousins, where the bulk UV-Vis

and PL profiles are explored in Figure 3.3.
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Figure 3.3: UV-Vis and PL profiles of as-prepared CdSe.ZnS core-shell QDs. a) Bare CdSe
cores, b) CdSe.ZnS 4.2 ML, c) CdSe.ZnS 5.8 ML and d) CdSe.ZnS 8.4 ML. Insets show vials
of the CdSe.ZnS QDs under UV illumination. The exponential decay of the electron and hole
wavefunctions into the shell material extends toward the effective radius, Rx, which is larger
for CdSe.CdS than for CdSe.ZnS (centre). This may be explained by the greater band offset of
ZnS compared with CdS. A table of band structures is given for completion and is reproduced
from the work of Stevanovic (right).244 Here, the blue bars show the valence band while the red
bars represent the conduction band. The solid blue and red lines show experimentally measured
valence band maxima and conduction band minima respectively. Solid black lines illustrate the
band structure derived from density functional theory.
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However, the difference between ZnS and CdS capping is not wholly unexpected when the

band structures of the material are considered. The low potential barrier afforded by CdS

(0.32 eV)245 permits a significant amount of exciton leakage into the enveloping shell. In

contrast, ZnS possesses a larger band offset (1.44 eV)246 relative to CdSe and therefore

reduced exciton leakage. Further subtleties in the description of an effective exciton radius

to account for wavefunction delocalisation in core-shell QD structures, such as anisotropic

shelling, are developed from further interrogation of TEM images.

3.1.4 CdSe nanorods

Modification of NC morphology, id est changing QDs to nanorods (NRs), has an interesting

effect on the bulk fluorescence properties. Extraordinarily, exciton confinement in CdSe

NRs, as revealed by UV-Vis studies, exhibits an apparent departure from typical size-

dependent confinement. Upon closer inspection, it can be seen that the confinement effects

dominate across the diameter of the NR only. Optical UV-Vis transitions and PL profiles

were recorded for a total of three different rod lengths, as shown by Figure 3.4. Previous

investigations by Banin and colleagues247,248 report in some detail the insensitivity of

confinement effects along the nanorod using both UV-Vis and STM. In both instances, it

is exceedingly clear that confinement effects along the major axis are negligible compared

with NR diameter. Nanorods were synthesised for the purpose of testing the model of QD

exciton dynamics when moving from the 0D QD to the 1D NR.

Unsurprisingly UV-Vis profiles of NRs are somewhat featureless compared with their QD

counterparts. The most obvious spectral difference is the less discrete 2S3/2 to 1Se trans-

ition. The loss of spectral information may be interpreted from DoS considerations. In the

case of 0D QDs, the DoS is mapped as a set of discrete delta functions, as illustrated by

Figure 1.4. In contrast, the DoS of 1D NRs approximates to a step function. The result

is spectral overlap between transitions for NRs due to the close proximity of nearby states

within the 1D manifold.

CdSe NRs have in recent years been trialled as photocatalysts. The growth of noble metals,

most commonly gold and platinum, onto the tips or shaft of the NR has been shown to

produce excellent charge separation.249–251 Phenomenologically, this occurs through the

favourable transfer of the photoexcited electron to the gold which is approximately 0.5 eV

lower in energy than the conduction band edge of the CdSe NR.252 The charge separation

is responsible for the massive fluorescence quenching in these materials, where previous

investigations have shown a steady drop in QY as the gold tip diameter increases.253

Absorbance profiles of the NRs and gold dumbbells remain essentially unchanged. This is

typical of a number of heterojunction materials.253–255 Since the realisation of using NRs
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as functional materials, many groups have synthesised various analogues and alloy tips in

a bid to engineer a higher electrical photo-conversion efficiency.256–258 It is hoped that the

work conducted within this thesis, toward understanding exciton dynamics, will underpin

approaches toward the rational design of future photocatalysts.
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Figure 3.4: CdSe NR UV-Vis and PL profiles accompanied by STM band edge mapping. a)
UV-Vis profiles of different aspect ratio CdSe NRs, where the aspect ratios are (red) 6.20, (green)
3.75 and (cyan) 2.10. b) STM band gap dependence for different aspect ratio NRs adapted from
Banin et al.248 Clearly growth along the NR has little impact on the band gap, however growth
along the minor axis is accompanied by an increase in the emission wavelength. c) Corresponding
PL profiles of the NRs in agreement with STM data.

3.2 Morphology and dimensions of single crystals

Sample shape and size were measured using a low-resolution (100−120 kV) TEM and a

threshold analysis of particulates using open source ImageJ software. Additionally, DLS

was performed in some instances to substantiate measurements made from images acquired

by TEM, by accounting for the ligand shell hydrodynamic radius, as determined from

analysis of the autocorrelation function with the Malvern dispersion technology software

(DTS). Size and morphology measurements serve not only to characterise the quality and

integrity of the NP synthesis but also to elucidate the size-dependent optical properties of

NPs. Crucially, these measurements support the functional relationships between QD size

and the exciton dynamics that form the basis of the charge-tunnelling self-trapping model

of QD photodynamics and simulation thereof.
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3.2.1 CdSe cores to core-shell CdSe.CdS and CdSe.ZnS QDs

Commencing with size and structural analyses of CdS and ZnS capped core CdSe QDs,

it was found that the deposition of successive shells of CdS reveals a distinctly different

surface topography in comparison to ZnS capping. This primarily arises not from poor

synthetic methodology but rather reflects the large lattice mismatch, which is typically

defined as the percentage difference between the lattice spacings of the core and shell

materials. In the case of CdSe.ZnS QDs this is reported to be as large as 10%.65 As a

comparison, the lattice mismatch of CdSe.CdS core-shell QDs is estimated to be about

3.4%,65 where the resulting QDs exhibit a smooth epitaxial shell as shown in the TEM

images in Figure 3.5.

Tremendous effort has been directed toward evaluating the anisotropic growth by way of

sub-nm electron energy loss spectroscopy (EELS)259 and temperature resolved capping.260

Many examples of graded CdSe.CdS.ZnS core-shell-shell QDs have been reported in recent

years in an effort to ease the lattice mismatch.65,261,262 This results in a reduction of

the number of non-radiative recombination centres in the crystal and near unity QYs.

Presented in Figure 3.5a−d are the PSDs for as-synthesised CdSe core and core-shell,

CdSe.CdS QDs as derived from the TEM images displayed in Figure 3.5e−h. The inset

representative TEM images show a high degree of epitaxial growth with excellent control

over the number of MLs deposited. This is in contrast to the images collected of CdSe.ZnS

QDs which appear far more aeolotropic on their exterior, where representative TEM images

of CdSe.ZnS core-shell QDs are shown in Figure 3.6.
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Figure 3.5: Particle size distributions (PSDs) of CdSe.CdS QDs prepared by the SILAR method.
PSDs of a) CdSe bare cores, b) CdSe.CdS 0.9 ML, c) CdSe.CdS 2.1 ML and d) CdSe.CdS 3.5 ML.
The corresponding colour-coded TEM images, all at 100k magnification, are presented (right).
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The uneven surface of the CdSe.ZnS presents a genuine challenge to the CTST model

that will be described in the forthcoming chapters. Initial experiments focused on single

molecule blinking of the CdSe.CdS structure owing to the fact that the shell exhibits greater

structural integrity and, as such, a more well-defined thickness. The growth of band-offset

shells has been shown to suppress the rate of QD ionisation through a charge tunnelling

mechanism and is modelled quantitatively through the Wentzel-Kramers-Brillouin (WKB)

approximation. Experimentally, the CdSe.CdS core-shell material is the simplest specimen

for comparison to simulation, by virtue of the largely isotropic cap and completeness of

shell, which makes through-shell tunnelling distances uniform and constant. The rough

shell of the CdSe.ZnS sample involves a more elaborate treatment on the grounds that a

distribution of shell thicknesses exist. To accentuate the departure from epitaxial growth

in the CdSe.ZnS system, consider the TEM images of Figure 3.6.
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Figure 3.6: PSDs of CdSe.ZnS QDs prepared by the SILAR method. PSDs of a) Bare CdSe cores,
b) CdSe.ZnS 4.2 ML, c) CdSe.ZnS 5.8 ML and d) CdSe.ZnS 8.4 ML. The corresponding colour-
coded TEM images, all at 100k magnification, are presented (right). In the case of thick-shells,
the surface becomes largely uneven and non-uniform.

Inhomogeneous shell growth results in broadened PSDs for the CdSe.ZnS as calculated

by TEM. The non-uniformity is especially pronounced for the thick-shell examples. The

cartoon and TEM images of Figure 3.7 underline shell integrity differences between the

CdSe.ZnS core-shell QDs, with 8.4 MLs of ZnS coating, and the CdSe.CdS core-shell QDs,

with 3.5 MLs of CdS coating. As previously mentioned, the CdSe.CdS core-shell QDs

present the simplest system for comparison to simulations since the tunnelling length is

well-defined and constant over all directions. This appears not to be the case for CdSe.ZnS

QDs, where the shell anisotropy results in a distribution of tunnelling distances. Re-

cently, it was demonstrated that to reproduce experimentally observed blinking statistics

of the CdSe.ZnS system an effective diameter, Deff, must be implemented.2 Essentially,

the effective diameter is a simple approximation of the average tunnelling distance from
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CdSe.ZnS QDs built from a complete shell calibration curve which shall be discussed in

detail shortly.

+ =
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Figure 3.7: Deriving the effective shell thickness of CdSe.ZnS QDs. Cartoon (top) depicts an
exaggerated illustration of the effective shell radius, where Deff is the effective core-shell diameter.
a) Magnified region of interest (RoI) emphasising the irregular surface of the CdSe.ZnS QDs 8.4
MLs. The red circles show the boundary of the effective shell radius. b) Magnified RoI of the
as-prepared CdSe.CdS 3.5 ML QDs which exhibit a smooth surface. The red circle highlights the
inorganic core-shell radius as measured by TEM which, in the case of CdSe.CdS, is synonymous
to the effective shell radius. c) Overview of a large area of CdSe.ZnS QDs. d) Image of a large
region of CdSe.CdS QDs.

To assist with uncloaking the exciton dynamics for ZnS sheathed QDs the CdSe.CdS

ideal model was used to establish an empirical relationship for the CdSe.ZnS QDs that

describes an effective shell radius. Most simply, the effective shell radius is calculated

by tracing the first exciton absorption wavelength of a CdSe.ZnS incomplete shell sample

onto the corresponding CdSe.CdS complete shell calibration curve, as shown in Figure 3.8.

Here the calibration curve is formed by plotting the first absorption wavelength against

the number of complete CdS MLs. The thick CdSe.ZnS 8.4 ML QDs absorb at 588 nm

and show seriously defective shells. A projection of this wavelength onto the CdSe.CdS

calibration curve yields an effective shell radius of 3.4 MLs. This effective shell radius

closely matches the shell thickness of the CdSe.CdS 3.5 MLs and, as will be shown, is

essential for describing the shell-thickness dependent blinking properties of ZnS capped

QDs within the CTST model of single QD photodynamics.

A combination of the effective exciton radius and effective shell radius were adopted for

simulations of the CdSe.ZnS QDs. The effective shell radius lies between the minimum
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and maximum exciton tunnelling distances and may be regarded as an average of the

distribution of tunnelling lengths from the effective core-exciton to the surface over the

irregular QD structure. The values and definitions derived here will play a pivotal role for

interpreting the exciton dynamics.
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Figure 3.8: Extraction of the effective shell and effective exciton radius terms. a) First exciton
absorption maxima trend with increasing shell thickness as expected from the SILAR protocol.
The incomplete shells of CdSe.ZnS (blue points), as confirmed by TEM, may be approximated
to an effective shell radius by mapping the exciton wavelength onto a CdSe.CdS complete shell
calibration curve (red points). b) Relationship between the effective exciton radius of CdSe.CdS
and the QDs first exciton transition energies, EQD. c) The ML dependence on the effective exciton
radius, Rx, for CdSe.CdS QDs.

Thus far, all of the samples presented were used for single molecule blinking studies. Vari-

ation of the shell thickness and barrier height significantly alters the blinking statistics

through modification of the exciton tunnelling rates to and from the surface. Perhaps in a

more obvious and illustrative example, alteration to the core radius by introduction of an

effective radius and effective shell, for the CdSe.ZnS, has direct implications on the rate of

excitation. The rate of excitation, kx, is defined here as

kx =
σxλI
hc

(3.6)

where the excitation cross-section is given by σx (cm2), the power density is termed I

(W cm−2) and the Planck constant and the speed of light are h (J s) and c (m s−1),

respectively. The excitation cross-section may be derived through the Beer-Lambert law

and the empirical relationships derived by Peng and co-workers,70 which are commonly

used for determining the molar extinction coefficient.

Simple rearrangement of the Beer Lambert law and unit conversion of the extinction coef-

ficient by multiplying by a factor of 103 cm3 dm−3 gives

σx = ε
1000ln10

NA
=⇒ σx = 1600EQD(2Rc)3 1000ln10

NA
(3.7)

where the extinction coefficient is extracted from the absorbance, A = εcl, NA is the

Avogadro constant, the first exciton absorption transition energy is given by EQD (eV)
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and Rc is the core radius. Importantly, in modelling core-shell QD photodynamics all

QD size-dependent properties expressed explicitly in terms of the core-only radius, Rc, are

made dependent on the effective exciton radius, Rx(eff). The important radii definitions

and tunnelling lengths from the effective core-exciton to the surface are illustrated in

Figure 3.9.
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Figure 3.9: Defining the effective shell radius and effective exciton radius of core-shell CdSe.ZnS
QDs. a) ML dependence on the core-shell radius as calculated from SILAR (black line), the effective
exciton radius after accounting for incomplete shelling (red line) and the uncorrected exciton radius
for oversized CdSe.ZnS QDs (blue line). The tunnelling distances to the surface (Rs−Rx) are given
by the dotted lines, where the oversized exciton radius and the corrected effective exciton radius
are coloured blue and red respectively. b) Calibration curve mapping incomplete shells of ZnS onto
the effective number of MLs, along with an illustration. The diagram of a single CdSe.ZnS QD
show the important radii definitions, where Rs is the SILAR shell radius, Rs(eff) is the effective
shell radius, Rx(eff) is the effective exciton radius and Rx the oversized exciton radius.

Furthermore, in the case of CdSe.ZnS, use of the effective shell radius and core-exciton

radius, derived from a reduced ZnS ML number, produced successful simulations and

modelling of PL-blinking statistics that could not be replicated with the full, over-sized

and ill-defined shell radius. The core-shell radius, Rs, was determined from the SILAR

infusion volumes and the diameters measured by TEM. Explicitly, Rs = n(0.31ZnS) +Rc
and Rs = n(0.36CdS) +Rc where n is the number of MLs and Rc is the core radius. In

the earliest studies conducted within this thesis a parabolic relation, EQD = 1.9 + 0.8/R2x,

describing the QD band gap with EQD in eV and Rx in nanometres, was later changed to

a quadratic dependence to better evaluate EQD at large QD radii, and is given by

hc

λ(n)
= 1.74 +

0.45

R2x
+

0.5

Rx
(3.8)

where λ(n) = 555+11.5(n) expressed in nanometres and n is the number of MLs according

to the linear fit of CdSe.CdS in Figure 3.8a. The exciton radius, Rx, is then simply determ-

ined from the root of the quadratic, where the unphysical negative root is discarded. The

exciton radius of CdSe.ZnS was calculated in a similar fashion using λ(n) = 555 + 4.1(n).

As the model evolved it was necessary to introduce an effective shell radius, Rs(eff), for

core-shell CdSe.ZnS QDs. As previously alluded to, the insertion of this parameter was
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driven by the clear lack of total encapsulation of the core in the CdSe.ZnS case. The effect-

ive shell radius was calculated by mapping the first exciton transition of CdSe.ZnS onto a

CdSe.CdS complete shell calibration curve at the same wavelength as depicted in Figure

3.8a by the dotted lines. A lookup curve was thus constructed to allow the determination

of the number of complete shells of ZnS surrounding the core. The lookup table is provided

in Figure 3.9b and is accompanied by a schematic model describing the shell parameters.

The net effect of introducing an effective shell radius, and hence a reduced effective number

of ZnS MLs, is to produce an effective exciton radius, Rx(eff), which scales more rapidly

with ML thickness compared to the exciton radius in the absence of shell correction, as

exemplified in Figure 3.9a (solid red versus solid blue lines). The effect of shell structure

on single CdSe.ZnS QD PL-blinking statistics is explored and exemplified in Chapter 4.

Ultra-thick core-shell QDs were synthesised for the purpose of investigating the degradation

of the shell under continuous wave laser exposure and the impact photo-oxidation has on

the fluorescent properties at the nanoscale. The ultra-thick or giant QDs (gQDs) were

compared to simple CdSe cores through a customised diffraction grating experiment and

XPS methods, as described in Chapter 2 and reported on in Chapter 4. Here, TEM and

DLS is used simply to size the QDs and highlight the differences in diameter between the

core CdSe and gQDs with up to 10 ML caps, as highlighted in Figure 3.10, compared to

the thinner-shelled QDs used in PL-blinking studies.

It has previously been suggested that the shell behaves as a sacrificial layer to photo-

oxidation and this shall be considered in the coming subsection. To remain informative

the CTST model correctly predicts the phenomena of photoblueing and photoluminescence

enhancement in single QDs, as subsequently demonstrated in Chapter 4.

The colloidal solutions of QDs were centrifuged at 10000 RPM for two minutes to remove

any aggregates or dust particles before performing DLS experiments. Measurements were

recorded at 25◦C over 8 cycles. In agreement with literature, the size of the QDs meas-

ured by DLS was consistently larger than that measured by TEM. This disparity arises

from the definitions of the diameter in each case. Measurements performed through DLS

measure a hydrodynamic radius, RH, which is inclusive of the inorganic core and surface

ligands.263–265 QD diameters calculated through TEM account only for the inorganic core,

where the surface ligands are essentially transparent to the electron beam. The presence of

the surface ligands may be indirectly observed from the interparticle separation within the

TEM images. Interparticle spacings are typically on the order of about 5 nm suggesting

a ligand extension of about 2.5 nm, which is quite consistent with a PSD peak shift to 15

nm from the mean TEM diameter of 10 nm. The DLS size distributions are presented in

Figure 3.10 with accompanying TEM distributions and representative images of the QDs.
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Figure 3.10: Autocorrelation decays as measured for a) bare CdSe QDs, b) thick-shell CdSe.CdS
core-shell QDs and c) thick-shell CdSe.ZnS core-shell QDs. Estimated inorganic shell depth in
both cases is (10−3.4)/2 = 3.3 nm. Here the decay time for the small bare QDs is rapid compared
to the large core-shell systems as expected from Brownian motion considerations. The PSDs as
evaluated by DLS are presented for d) bare CdSe QDs, e) core-shell CdSe.CdS QDs and f) core-
shell CdSe.ZnS QDs. The insets show the inorganic core-shell diameter distributions as measured
by TEM. Images acquired by TEM are included to bring attention to the size increase from bare
cores to core-shell gQDs. Note DLS measures the hydrodynamic radius that includes ligand solvent
interactions such that PSDs shift to larger diameters than those recorded in TEM.

3.2.2 CdSe nanorods

To understand effects of morphology on the photodynamics CdSe NRs were produced

with various aspect ratios. The CdSe NRs present a more sophisticated geometry to

analyse at the single molecule level. Most notably, the 1D NRs demonstrate different

blinking statistics from the 0D QD case. Specifically, NRs are not characterised by simple

power-law statistics in both the on- and off-time distributions in the single NR intensity

trajectory. In both instances, the blinking statistics are best described by a truncated

power-law. A thorough quantitative set of simulations has not yet been performed for

these materials, although the CTST model may be readily altered to account for the

observed exciton kinetics, as discussed in the results of the single molecule PL studies

presented in Chapter 4. The obvious modification to the original formulation would be

the introduction of a more pertinent electron return capture cross-section from the host

trap to the charged QD. The electron return for the rotationally invariant QD was, in the

first conception, defined through a circular capture cross-section. This will likely require

modification for 1D NRs. Furthermore, it is expected that the relaxation of confinement

effects for 1D NRs, as indicated earlier by STM and UV-Vis data, will play an important

role in explaining the complex blinking dynamics of these materials.
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In total, three different aspect ratio CdSe NRs were synthesised and the trajectory profiles

interrogated. The length and width distributions, as measured by TEM, of the CdSe NRs

are presented in Figure 3.11.
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Figure 3.11: Aspect ratios of CdSe NRs produced. The width of all of the NRs is on average
5.7 nm where a) is the width distribution of short aspect ratio rods, b) is the width distribution
of medium aspect ratio rods and c) is the width distribution of high aspect ratio rods. The rep-
resentative colour-coded TEM images are presented (centre). The respective length distributions
are presented in d) where (red) = 5.7×12 nm, (green) = 5.6×21 nm and (cyan) = 5.8×36 nm.

3.3 Crystallographic and diffraction analysis

3.3.1 CdSe, CdSe.CdS and CdSe.ZnS QDs

Selected area electron diffraction (SAED) and x-ray diffraction (XRD) were employed to

recover the crystal structure of the QDs. There exist two common polymorphs of CdSe

and other chalcogenide QDs, namely zinc blende (zb) and wurtzite (wz) in the form of

the mineral cadmoselite. The two closely related crystals, that differ in energy by about

10 meV/atom,266,267 present surface crystal facets which are predetermined by the under-

lying unit cells. These facets are, in general, the pathway to more complex NP shapes. For

example, it has been shown through the use of XRD and HR-TEM that wz-CdSe and zb-

CdSe seeds act as templates for the growth of CdSe rods and tetrapods respectively.33,77,268

In the tetrapod example it was hypothesised that wurtzite arms grow outward from the

four equivalent {111} faces of the zinc blende seed. Concomitantly, the ligand hexylphos-

phonic acid (HPA) exhibits a strong affinity for faces other than the (0001̄) face of the
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wz-CdSe arms, thus hindering growth in unfavourable directions.268,269 Furthermore, the

choice of surfactant plays a critical role in the production of CdSe NRs. It has been repor-

ted that the addition of HPA and other short-chain phosphonic acids facilitate elongation,

where cadmium and selenium precursor deposits onto the (002) surface of wz-CdSe seeds to

produce large aspect ratio NRs.268,269 In the research undertaken here zb-CdSe QDs were

successfully synthesised, as evidenced by XRD diffraction data, exemplified in Figure 3.12,

along with core-shell CdSe.CdS and CdSe.ZnS QDs.
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Figure 3.12: Diffraction data of the synthesised QDs. a) Bare CdSe QDs, b) CdSe.CdS 3.5 ML
core-shell QDs and c) CdSe.ZnS 8.4 ML core-shell QDs. The XRD pattern for the bare CdSe core
is consistent with expected diffraction peaks for the zb-CdSe structure. The CdSe.CdS core-shell
system similarly displays peaks which are suggestive of a zinc blende structure. A wurtzite (wz)
pattern begins to emerge for the CdSe.ZnS QDs, where the wurtzite polymorph exhibits a distinct
(103) peak at 2θ = 46◦. The stick patterns for bulk wz- and zb-CdSe are presented at the top and
bottom respectively. d) Atomic model of wz-CdSe (110) face with the (002) lattice plane projecting
into the page (purple) (COD = 9011664). e) Ball and stick model of zb-CdSe viewed down the
[111] zone axis with the (220) lattice plane highlighted (purple) (ICSD = 620439).

A relatively low-temperature synthesis was used to produce zb-CdSe QDs for subsequent

capping through the SILAR protocol. The bare CdSe cores displayed diffraction peaks that

matched the well known, zinc blende, sphalerite mineral structure. Intriguingly, distinct

wurtzite peaks emerged as thick-shells of ZnS were deposited on the QDs. This is most

evident for the (103) reflection, but also in the observed broadening about the (100), (002)

and (101) peaks, which are absent for the zinc blende phase, and a weak appearance of

the (102) plane reflection at around 35◦. As is common with nanocrystalline materials

the diffraction peaks are significantly broadened compared to the bulk and are described
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through the Scherrer formula, which is derived in Appendix D.13.

d =
0.9λ

wcosθB
(3.9)

Here the particle diameter is given by d, the wavelength of radiation is termed λ, peak

broadening is expressed by the width w and θB is the diffraction angle. Evidently, from the

inverse dependence of size on width, larger QDs are expected to produce sharper diffraction

peaks. This provides direct evidence that the peak broadening about 2θ = 25◦ for the

larger, thick-shell CdSe.ZnS QDs arises from the merging of the (100), (002) and (101)

planes and not from peak broadening of the zinc blende (111) diffraction peak. It is likely

a similar pattern develops for the CdSe.CdS QDs, as suggested in the literature,270,271 but

the relatively thin CdS shells in this work possess insufficient density of wurtzite planes

for significant diffraction amplitude and consequently, the pattern remains dominated by

the zb-core.

As aforementioned, zinc blende seeds may be used to produce tetrapod (TPs) structures.272

In order to confirm the zb-CdSe structure a synthetic protocol based on the seeded growth

approach was adopted.273 It was found to yield low aspect ratio tetrapods, thus verifying

the zinc blende phase of the CdSe cores. To complete the characterisation, SAED was used

to inspect the crystal phase, and the resultant diffraction image is presented in Figure 3.13.

The postulated growth mechanism, as previously indicated, suggests growth of wurtzite

arms from the {111} host zinc blende facets.
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Figure 3.13: Growth of CdSe tetrapods through one-pot and seeded synthetic routes. a) Low
aspect ratio tetrapods produced via a seeded QD method. A number of the initial seeds that
have failed to undergo growth can be seen scattered around the desired NPs. b) SAED pattern of
the produced low aspect ratio tetrapods. The diffraction fringes may be assigned to the wurtzite
structure. c) Tetrapods fabricated through a one-pot method. The arms of the rods grow to an
aspect ratio of about 7:1 when produced through this procedure.

Evidently, the SAED presented in Figure 3.13 conforms with the wurtzite framework. The

diffraction rings of the zb-CdSe core overlap with the wz-CdSe arms, where the zb-CdSe

(111), (220) and (311) diffraction rings overlap with the wz-CdSe (100), (110) and (112)

diffraction rings, respectively. Ultimately, it is not possible to resolve the zb-CdSe and
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wz-CdSe rings in this instance. Whilst the seeded approach toward tetrapods did yield

some product it was found that a number of the seeds did not undergo growth. This

was found to be remedied through a one-pot method toward tetrapod materials, which

produced high aspect ratio legs with exceptional particle-to-particle reproducibility. The

one-pot pathway, unsurprisingly, depends on the choice of ligand to direct the propagation

of the crystal along specified directions, where the ligand may preferentially bind to a

particular facet, thus hindering growth from the ligand-bound face. Tuning of the arm

length and width may be realised by modifying the reaction time. The high aspect ratio

TPs produced in this work were left to react for 15 minutes before cooling.

The CdSe core structure was further probed using HR-TEM in an effort to assign the lattice

planes and corroborate diffraction data. The lattice spacings and interplanar spacings may

be measured in the spatial domain, but are commonly presented in the frequency domain.

A complete FFT, which is the frequency domain representation of the real-space lattice,

containing many repeating lattice planes, is difficult to obtain for structures which are only

a few nanometres in size. Here, the lattice spacings and interplanar angles of the CdSe

FFT are presented in Figure 3.14 and were found to be consistent with the expected zb-

CdSe lattice. The lattice spacings and interplanar angles were calculated using Equations

3.10 and 3.13 which produced the expected interplanar angles 90◦and 45◦ between the

(02̄2)/(022) and (022̄)/(002̄) planes respectively.
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Figure 3.14: HR-TEM of a single CdSe core QD. a) Raw image acquired of a CdSe core QD. The
crystal is oriented looking down at the (100) face and the annotations show the interplanar angles
between the (02̄2)/(022) and (022̄)/(002̄) planes, which are 90◦and 45◦ respectively. b) FFT of the
raw CdSe QD image that illustrates the interplanar angles in reciprocal space. c) Noise filtered
reconstruction of the (100) face through the inverse FFT of the raw FFT. The interplanar angles
and interplanar spacing are described on the image. Here the lattice spacing of 0.21 nm may be
ascribed to the (02̄2) plane. d) Enhanced FFT of the raw FFT. The reciprocal points are labelled
with their respective Miller indices. e) Atomic model of the (100) face oriented to map onto the real
crystal. The (02̄2) and (022) lattice planes are shown by the purple and green lines respectively.
The inset shows the FFT of the model lattice, which matches well with the experimental FFT.
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HR-TEM imaging of the crystal lattice reinforces the results acquired through diffrac-

tion methods. In keeping with convention, Figure 3.15 depicts the HR-TEM of a single

CdSe.CdS QD with FFT patterns. Measurements performed indicate close agreement

with a hexagonal lattice structure. Ultimately, the high-resolution work performed here is

consistent with the growth of a wz-ZnS/CdS shell over a zb-CdSe core.
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Figure 3.15: HR-TEM of a single CdSe.CdS core-shell QD. a) Raw image acquired of a CdSe.CdS
QD. The crystal is oriented looking down at the (0001) face and the annotations show the inter-
planar angles between the (01̄10)/(1̄010) and (11̄00)/(21̄1̄0) lattice planes, which are 60◦and 30◦
respectively. b) FFT of the raw CdSe.CdS image that illustrates the interplanar angles in recip-
rocal space. c) Noise filtered reconstruction of the (0001) face through the inverse FFT of the raw
FFT. The interplanar angles and interplanar spacings are described on the image. Here the lattice
spacings of 0.36 and 0.21 nm may be ascribed to the (01̄10) and (21̄1̄0) planes respectively. d)
Enhanced FFT of the raw FFT. The reciprocal points are labelled with their respective Miller-
Bravais indices. e) Atomic model of the (0001) face oriented to map onto the real crystal. The
spacings between the (21̄1̄0) and (011̄0) are 0.21 nm and 0.36 nm respectively. f) FFT of the ball
and stick model to stress the similarity to the raw FFT. g) Schematic of the cadmoselite faces that
are present and how the Miller indices are constructed.

The raw FFTs were contrast adjusted to eliminate any non-periodic noise and the spatial

domain reconstructed through an inverse FFT to yield clearer direct lattices. The lattice

spacings were found to match well with the expected values as calculated from XRD

data. The spacing between adjacent (hkl) planes for cubic, hexagonal and orthorhombic

systems is described by the following equations.274 To completely define the hexagonal

structure the Miller index definition must be expanded to account for the redundant plane.

This is achieved by introducing the Miller-Bravais notation and is defined as (hkil) where

i = −(h+ k) in the hexagonal lattice.

The interplanar spacings for the cubic system may be written as

1

d2
=
h2 + k2 + l2

a2
(3.10)
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in the hexagonal system as

1

d2
=

4

3

(
h2 + hk + k2

a2

)
+
l2

c2
(3.11)

and finally in the orthorhombic system as

1

d2
=
h2

a2
+
k2

b2
+
l2

c2
(3.12)

here the Miller indices are given by hkl, the interplanar spacing is termed d, where a, b

and c express the lattice constants. The calculations using these formulae are in excellent

agreement with the measurements obtained from HR-TEM and data available from the

crystallographic database. These relations yield values of 0.36 nm and 0.21 nm for the

hexagonal CdS (011̄0) and (21̄1̄0) planes respectively. Moreover, the interplanar angles

may be derived from the relations below.274 The interplanar angle equation for a crystal

that exhibits cubic symmetry is

cosθ =
h1h2 + k1k2 + l1l2√

(h2
1 + k2

1 + l21)(h2
2 + k2

2 + l22)
(3.13)

and the angle between planes for the hexagonal system is given by

cosθ =
h1h2 + k1k2 + 1

2(h1k2 + h2k1) + 3a2

4c2
l1l2√(

h2
1 + k2

1 + h1k1 + 3a2

4c2
l21

)(
h2

2 + k2
2 + h2k2 + 3a2

4c2
l22

) (3.14)

where the θ term is the interplanar angle, (h1k1l1) and (h2k2l2) are the Miller indices of the

two planes and a and c are lattice constants for the crystal. Through Equation 3.14 one may

calculate values of 60◦ and 30◦ respectively for the (01̄10)/(1̄010) and (11̄00)/(21̄1̄0) planes

of the P63mc lattice. This is in good agreement with the angles measured experimentally

in Figure 3.15 adding support to the assigned phase and direction of view.

It is obvious from the FFT patterns of the crystal lattice that some reflections that are

present in the XRD spectrum are absent in the FFT. This is the basis of the Weiss zone

law, which states that for lattice planes to be observable, the following condition must be

met

hU + kV + lW = 0 (3.15)

where again (hkl) are the Miller indices of the plane under investigation and [UVW ] is

the zone axis. The Weiss zone law is common to all crystal systems and accounts for the

observation of some reflections whilst others are excluded. The concept of the Weiss zone
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law simply emerges by considering how the accelerated electrons interact with matter. The

electrons emitted within a TEM instrument from the filament are transmitted through a

single crystallographic axis, assuming the stage is not tilted. The electron exit wavefunction

will depend greatly on the depth of the atomic columns in the crystal and thus the number

of scattering planes presented to the electron beam, as well as how they are oriented with

respect to the beam. This is the basis of HR-TEM. At any given orientation some atomic

columns will be orthogonal to the incident beam whilst others will be parallel. Tilting of

the sample whilst in diffraction mode modulates the enhancement and fading of diffraction

spots, depending on which zone axis the sample is viewed down or, in this work, the

appearance and vanishing of spots in the Fourier domain of high-resolution images.

It can be shown the Weiss zone law accounts for systematic absences in the FFT patterns

of the crystal lattice, depending on which zone axis the crystal is being viewed along.

In the case of the cubic and hexagonal systems analysed in this work, the crystals were

oriented along the [0001] and [100] zone axis respectively. The Weiss zone law outlined

by Equation 3.15 is thus satisfied, for example, by the planes of the form (hki0) for the

hexagonal system and (0kl) for the cubic system. In comparison, planes of the form (hkil),

where l 6= 0 manifest as systematic absences within the FFT of the hexagonal lattice. A

similar argument shows that the FFT spots of the cubic lattice, labelled (hkl), are in

violation of the Weiss zone law when h 6= 0. In the context of this thesis, HR-TEM and

diffraction analysis was used to calculate lattice spacings, which were subsequently used

to approximate the shell ML thickness about a CdSe core. Furthermore, HR-TEM reveals

refined images of the shell integrity, which will be shown in Chapter 4 to be important

when considering the exciton dynamics of core-shell QDs.

3.3.2 CdSe nanorods and gold dumbbells

CdSe NRs were synthesised as described in Chapter 2, using specific ratios of a long

chain and short chain phosphonic acid in order to generate a set of samples with varying

lengths and diameters. Unsurprisingly, 1D growth proceeds by propagation along the c-

axis of the cadmoselite lattice. Additionally, gold dumbbells were produced in an effort

to qualitatively inspect the extreme nano-environment where the gold acts to quench PL

entirely by trapping the electrons, not just in discrete states below the QD conduction band,

as in the case of the polymer studies presented in Chapter 4, but through a continuum

of states through which the electron can dissipate its energy to avoid return to the QD.

The capture of the photoexcited electron by the gold has inspired the development of

water-splitting catalysts in recent years. The theme of catalysis in this thesis was not

pursued further however and the gold dumbbells served only as an interesting example of

fluorescence quenching.
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A comparison of the XRD spectra collected for the NRs and wz-QDs is given in Figure 3.16,

as well as ball and stick models to draw attention to the relative abundance of the different

diffraction planes. It is worthwhile noting that as the QD begins to develop along the

c-axis the abundance of (002) planes increases, while the (110) and (100) remain virtually

constant. This logic would suggest that a more pronounced peak for the (002) reflection

should be observed for the CdSe NRs, which appears not to be the case. This anomaly

is explained by a significant number of stacking faults, especially for long rods, whereby a

number of zinc blende domains exist. This has previously been investigated in great detail

through HR-TEM analysis.33 The outcome of this stacking fault is the introduction of a

(111) zb-CdSe peak in close proximity to the wz-CdSe (002) reflection. Ultimately, the

formation of zb-CdSe domains throughout the NR results in no observable enhancement

of the wz-CdSe (002) reflection for high aspect ratio NRs.
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Figure 3.16: Diffraction patterns, TEMs and unit cell models for the development of CdSe NRs.
a) XRD of wz-phase CdSe QDs, b) diffraction of wz-type CdSe NRs and c) x-ray pattern of CdSe
NRs with gold dumbbell tips. The presence of gold is indicated by the peak at 2θ = 38◦. The
bulk cadmoselite and zb-gold stick patterns are included at the top and bottom respectively. The
TEM images of the produced materials are presented next to the corresponding diffraction data.
The gold dumbbells can be clearly seen as dark deposits at the end of the NRs. d) View down
the CdSe [100] zone axis with the (002) lattice plane (purple) projecting into the page. e) Model
of the (111) face of the gold dumbbells and f) the gold dumbbells oriented to show the (220) face
(ICSD = 53763).

To extract detail pertaining the unit cell the Nelson-Riley method was used to calculate the

lattice parameter of the materials produced in this work. In the interests of conciseness,

the Nelson-Riley plots are compiled for the zinc blende phase CdSe QDs together with the



89 SECTION: 3.4

gold, as presented by Figure 3.17. The Nelson-Riley function is defined by Equation 3.16

and provides a pathway to a more accurate determination of the lattice parameter.275
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Figure 3.17: Calculation of the lattice parameters of a variety of NPs through the Riley-Nelson
(RN) method. a) Plot of the lattice parameter against the RN function for zb-CdSe QDs. b)
Determination of the lattice parameter of the FCC gold lattice present on the tips of the Au nano-
dumbbells. The table (left) is colour-coded for each plot and the value of the lattice constant is
the intercept of the linear fit overlaid on each graph.

Neglecting x-ray absorption by the specimen leads to incorrect lattice parameter determ-

ination in the experiments conducted here. It was shown by Nelson and Riley that errors

that manifest from this effect vanish at large diffraction angles. This is the basis of the

extrapolation function given by

f(θ) =
cos2θ
sinθ

+
cos2θ
θ

(3.16)

where θ refers to the diffraction angle as measured by XRD. A linear fit of the lattice

constant against the Nelson-Riley function yields the lattice constant as the intercept. The

lattice constants are tabulated in Figure 3.17. The lattice parameter of the zb-CdSe was

subsequently used to calculate the density of a single QD and the number of surface atoms

using a spherical cluster approximation, as outlined in Chapter 4. This was important

for estimating the QD ligand coverage, which was used as an initial simulation argument

within the CTST model of QD photodynamics.

3.4 Composition studies

3.4.1 STEM-EDX: Localisation of core-shell materials in CdSe based

QDs

To study the composition of the as-produced NPs, a number of elemental analysis tech-

niques were implemented. One useful method in NP analysis is elemental mapping through

the use of STEM-EDX. Spectrum images were acquired using a focused electron beam in
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a raster scanning fashion on an FEI-Tecnai Osiris S/TEM (Department of Materials and

Metallurgy/University of Cambridge). It was particularly important to show that the

CdSe.CdS and CdSe.ZnS QDs produced through the SILAR protocol displayed evidence

of an epitaxial shell of CdS or ZnS. The elemental mapping method offers insight into the

elemental distribution at the nanometre scale that cannot be inferred from simple TEM

images. The diameter increase with successive ML, as shown previously, is indicative of a

shelling process, but definitive proof of this can only achieved by mapping composition at

the nanoscale, since the size increase may simply be due to a ripening effect of the QDs.

The STEM-EDX spectrum images and raw EDX spectra substantiate evidence not only

for shell deposition but also morphological differences between CdS and ZnS capping. The

spectrum images are presented in Figure 3.18.

CdSe.ZnS CdSe.CdS

CdSe

Cd L

Cd K

Se K

Se L

S K

Zn L
Figure 3.18: Elemental maps of bare CdSe QDs and core-shell CdSe.ZnS and CdSe.CdS architec-
tures. The elemental key (bottom) denotes the x-ray lines observed in each image. It is apparent
from the data that in the case of CdSe.ZnS most of the cadmium and selenium signals originate
from the core whilst the zinc and sulfur signals are prominent around the outside of the central QD.
The CdSe.CdS maps show selenium signals are localised to the core whilst the cadmium extends
throughout the core and shell and sulfur signals emanate from the shell. Each image measures
20×20 nm.
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The nomenclature of the characteristic x-ray emission lines will be denoted using the

Siegbahn notation. The particle induced x-ray emission (PIXE) results from the relaxation

of outer shell electrons into atomic inner shell state vacancies. The relaxation of an electron

from an L shell (2s, 2p) to the K shell (1s) is thus denoted the Kα transition. The inner

shell vacancies arise from bombardment of the sample by the high energy electron beam.

Moseley’s law gives an empirical relation between atomic number and the characteristic

x-rays emitted.276 The mathematical form of the K line frequency in Hz is given by

ν(Kα) = 3.29× 1015 × 0.75× (Z − 1)2 (3.17)

where the L lines are given by

ν(Lα) = 3.29× 1015 × 5

36
× (Z − 7.4)2 (3.18)

here the atomic number is termed Z. A plot of the x-ray energy versus atomic number for

the Kα and Lα lines is given in Figure 3.19.
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Figure 3.19: Raw EDX spectra used for the construction of elemental maps. All spectra were
truncated at 2 keV to remove the high intensity carbon peak (0.277 keV) arising from the carbon
coated grids and silicon signal (1.74 keV) from the silicon drift detector (SDD). a) EDX spectrum of
the as-synthesised CdSe QDs. The cadmium Lα1 = 3.1 keV and Lβ1 = 3.3 keV lines and selenium
Kα1 = 11.2 keV and Kβ1 = 12.5 keV are present. The copper signal in each spectrum originates
from the copper sample grid. b) CdSe.ZnS EDX sample. The capping of bare CdSe is indicated
by the appearance of the sulfur Kα1 = 2.3 keV and zinc Kα1 = 8.6 keV and Kβ1 = 9.5 keV lines.
c) CdSe.CdS EDX specimen. The successful capping of the unpassivated QDs is illustrated by the
appearance of the sulfur peak and the increased intensity of the cadmium lines relative to selenium.
d) The expected Kα lines and e) Lα lines calculated from Moseley’s law.

The raw EDX spectra show evidence of the cadmium and selenium characteristic x-rays

at energies of 3.1 and 11.2 keV, respectively, in the spectra of bare CdSe cores, CdSe.ZnS

and CdSe.CdS, as expected. The CdSe.ZnS samples show peaks at 2.3 and 8.6 keV, which

are consistent with the Kα1 lines for sulfur and zinc respectively. The CdSe.CdS sample
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exhibits a more intense cadmium peak relative to the selenium lines when compared with

the bare CdSe specimen. This arises from the cadmium within the shell. A quantitative

measurement of sample elemental ratio can in principle be performed, but due to low signal

counts, this was not pursued further. The broad background that develops at low energy

in the EDX spectra is bremsstrahlung radiation; in this regime, the x-rays are produced

from the rapid loss in kinetic energy of incident electrons, which results from high energy

collisions with the sample.

3.4.2 HAADF: High contrast morphology imaging of CdSe based QDs

To complement data gathered via STEM-EDX, atomic number Z-contrast images were

obtained through HAADF imaging. The method was first pioneered by Howie and col-

leagues277 and is now ubiquitous in materials chemistry as an alternative means of differ-

entiating high and low atomic number elements through differences in high angle scattering

cross-sections.278–280 A scanning electron beam is passed over the sample and the impinging

electrons scattered by the nuclei of the sample. The electrons that are elastically scattered

to a high angle, with respect to the sample plane (75−150 mrad), are detected by an

annular electron sensitive device positioned above the specimen whilst the electron probe

position is recorded. The final HAADF image is a convolution of both electron probe

position and annular detector counts, which is used to produce image contrast. Heavy

elements with a large atomic number exert a stronger Coulombic attraction on the incid-

ent electrons, resulting in an abundance of electrons scattered to high angles. Ultimately,

this leads to the mapping of high contrast areas. The intensity of scattered electrons is

often reported to be proportional to the square of the atomic number.281 At the simplest

level the elastic scattering of the electrons off the sample by the Coulomb interaction may

be explained through a differential cross-section, which considers the scattering angle of a

particle by the target. This is the basis of the Rutherford scattering equation

N(θ) =
NinLZ

2k2e4

4r2ξ2sin4(θ/2)
(3.19)

where N(θ) is the number of particles deflected, Ni is the number of incident charged

particles, n is the number of atoms per unit volume, L is the target thickness, Z is the

target atomic number, e is the elementary charge, k is Coulomb’s constant, r is the target

to detector distance, ξ is the kinetic energy of the incident charged particles and θ is the

scattering angle. The use of HAADF imaging on the bare CdSe QDs produced no apparent

image contrast. The relatively low magnification and beam energy (200 kV) did not allow

resolution at the atomic scale between cadmium and selenium atoms. However, there are

examples in the literature where this has been achieved.282,283 Atomic resolution HAADF

was not important in this work and was used solely to highlight core-shell morphology. The

CdSe.CdS core-shell system produced little contrast between the cadmium-rich core and
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shell. The HAADF technique was most effective for locating the boundary between the

CdSe core where the average atomic number, assuming 1:1 Cd:Se core ratio, was Z = 41

and the ZnS shell where the average atomic number, assuming 1:1 Zn:S shell ratio, was

Z = 23. The contrast across a single CdSe.ZnS QD is presented in Figure 3.20 and shows

low-intensity ZnS shoulders about a high-intensity CdSe core.
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Figure 3.20: High angle annular dark field images were acquired for core and core-shell QDs.
a) Line profile of the inset bare CdSe QD. The line profile of the HAADF image suggests a
single homogeneous composition across the QD. b) HAADF of the core-shell CdSe.ZnS QD inset.
The appearance of lower intensity shoulders either side of the high-intensity core is evidence of
successful encapsulation. c) HAADF of the core-shell CdSe.CdS QD inset. The profile does
not show significant shoulders since cadmium is present in both the core and shell. Ultimately,
the intensity difference between the CdSe core and CdS shell is too small for the instrument to
distinguish. A wider field of view image of the QDs is presented above each respective plot.

The observed CdSe.ZnS core-shell intensity ratio of 2:1 shown by Figure 3.20 differs from

that expected (41/23)2 ≈ 3:1 due to differences in screening of nuclear charge by core

and valence electrons as well as sample thickness. Indeed, recent analysis shows scattering

amplitudes can deviate significantly from a simple Rutherford analysis with dependencies

of Zδ where (3/2 < δ < 2) is sensitive to composition, sample thickness and scattering

angle.284–286 The ratio here is closer to a Z3/2 dependency in this case.
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3.4.3 XPS: Analysis of core atom ratios and surface products in CdSe

based QDs

Thus far, high-resolution imaging has been used to provide only qualitative insight into

the CdSe QD landscape, from simple identification to the localisation of atoms in these

nanomaterials. The use of x-ray photoelectron spectroscopy (XPS) grants access to the

quantitative study of the elemental composition through the exploitation of the photo-

electric effect287 where a beam of focused x-rays are directed at a sample, stimulating

photo-ejection of an electron. The emitted electron is transferred to a kinetic energy ana-

lyser (KEA), from which the binding energy of the core electron is determined from the

excess energy via Koopmans’ expression288

hν = IP + KE (3.20)

where hv is the photon energy of the ionising x-ray radiation, IP is the ionisation potential

of the absorbing atom and KE is the excess kinetic energy of the ejected electron measured

by the KEA. The binding energy (BE) is then simply the negative of the IP.

Here, the 12 keV x-ray of the Kα source is sufficient to eject core electrons. A crude

estimate of the BE can be made using Slater’s rules that determine the effective nuclear

charge Zeff = (Z − s) on a single electron due the screening of the nuclear charge Z by a

factor, s, from core electrons.289 The total energy of an N electron atom is then given by

the summed contribution of each quantised energy of each electron

Etotal =
N∑
i

(
(Z − si)

ni

)2

(3.21)

where si is the screening factor and ni is the principal quantum number of the ith electron.

The BE is then the energy difference between the defect state and the parent atom or ion.

In the case of Cd2+ ions in the QD, application of Slater’s rules to an electron in the

full 4d10 shell which has 9 other electrons in the same orbital, each shielding 35% of the

nuclear charge and 36 core electrons, each screening 100% of the nuclear charge gives the

Slater screening factor, s = (0.35 × 9) + (1 × 36) = 39.15, and the energy contribution

(48 − 39.15)2/42 = 4.89 Rydberg/electron or 66.6 eV/electron. Furthermore, applying

Slater’s rules to the lower principal quantum number shells yields values shown by Table

3.1. Ultimately, the summation of all electrons over all shells generates the total energy.

Importantly, ejection of an electron from the 3d state leaves each 3d electron screened by

8 others with core screening remaining the same, where s = 0.35× 8 + 1× 18 = 20.8. The

screening factors for electrons in higher quantum number shells will alter accordingly with



95 SECTION: 3.4

core electron screening factors. As a final step, the energy difference between the total

energy of the parent Cd2+ ion and the total energy of the defect state, where a 3d electron

has been removed, produces the approximate binding energy.

Application of Slater’s rules to Cd2+ [Kr]4d10 and Cd3+ [Ar]3d9 4s2 4p6 4d10

Config Shielding E/electron E Config Shielding E/electron E

1s2 0.3 2275.29 4550.58 1s2 0.3 2275.29 4550.58
2s2 2p6 4.15 480.70 3845.64 2s2 2p6 4.15 480.70 3845.64
3s2 3p6 11.25 150.06 1200.5 3s2 3p6 11.25 150.06 1200.5
3d10 21.15 80.1 801.02 3d9 20.8 82.2 739.84

4s2 4p6 27.75 25.62 205.03 4s2 4p6 26.9 27.82 222.6
4d10 39.15 4.89 48.95 4d10 38.15 6.06 60.63

Table 3.1: Estimation of the binding energy using Slater’s rules. The configuration of the parent
Cd2+ ion is shown on the left of the table, where the parent ion with a removed 3d electron is
shown on the right of the table. The difference between the total energy, Etotal, of the parent
ion and the parent ion with a 3d electron removed approximates to the binding energy. Here the
energy E is expressed in Rydberg units. The total energy difference is about 31 Rydbergs, which
matches well with XPS data.

Screening factors for elemental Cd2+ [Kr]4d10 and Cd3+ [Ar]3d9 4s2 4p6 4d10 configurations

are provided in Table 3.1 along with the total energies, the first IP and the estimated BE

of the 3d electron. In this case, the Slater derived 3d BE = 434 eV, exemplifies the origin

of the 3d3/2 and 3d5/2 peaks identified in the XPS spectrum of the CdSe QDs shown by

Figure 3.21. A similar analysis for Se2− against the anion with a 3d electron defect gives

a 3d electron BE = 48 eV, again close to the observed 55 eV XPS peak.

While the gross ionisation potentials observed in XPS can be quantified quite well by the

Slater-like analysis described above, the origin of peak splitting in the 3d line requires

understanding of the spin-orbit coupling in heavy elements. The phenomenon of spin-

orbit coupling is more generally described as angular momentum coupling. In the context

of XPS it arises from the orbital angular momenta of electrons about the nucleus and

the intrinsic spin of the particle, which couple vectorially to split otherwise degenerate

energy levels. The Russell-Saunders scheme typifies the energy levels detected in an XPS

experiment290 for low atomic number elements, where spin-orbit interactions are assumed

to be negligible. Importantly, the spin-orbit interaction begins to dominate for high atomic

number elements and the more complex j-j coupling scheme would have to be employed.

The elements studied here were found to behave as a borderline case and the Russell-

Saunders scheme was adopted to simplify the analysis. The term symbols used within

XPS are presented as

2S+1LJ (3.22)

where the total angular momentum J is expressed as the summation of the total spin

angular momentum and total orbital angular momentum. The 2S + 1 accounts for state
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multiplicity, where for the 3d9 configuration (2(0.5) + 1) discrete levels exist. The total

angular momentum is given by the vector sum

J = L + S (3.23)

where the total orbital angular momentum and total spin angular momentum are defined

as the sum of all sources of orbital and spin angular momenta respectively

L =
∑
i

li S =
∑
i

si (3.24)

such that the L and S states split according to the Clebsch-Gordon series, L = |l1 − l2|,
|l1 − l2|+ 1, |l1 − l2|+ 2, ..., l1 + l2 and S = |s1 − s2|, |s1 − s2|+ 1, |s1 − s2|+ 2, ..., s1 + s2.

The data presented in Figure 3.21 were referenced using a guide of binding energies,291

where multiplet splittings and integration of the intensity profile of each state peak provides

information on the elemental abundance. Here it is important to account for the number of

possible microstates that exist for the 3d9 configuration. The total number of microstates

is given by the general expression

N =
t!

e!(t− e)! (3.25)

where, for the partially filled 3d9 shell, t = 2(2l+ 1) and e is the total number of electrons

in the given subshell. In the case of the 3d9 state it can be shown that a total of 10

microstates exist. Importantly, degenerate microstates must be distinguished to arrive at

the correct peak splitting intensity ratio. In general, the number of degenerate states is

given by the expression (2J+1) for multiplet peaks originating from states other than core

s-levels. Thus for the Cd 3d ionisation the doublet 3d3/2 to 3d5/2 ratio is expected to be

(2× 3/2 + 1):(2× 5/2 + 1) or 2:3, while the 3p1/2 to 3p3/2 ratio is 1:2, consistent with the

peaks observed in the XPS spectrum of the CdSe QDs in the survey scan of Figure 3.21.

The small splitting energy observed may be attributed to the way the intrinsic electron spin

and orbital angular momentum couple. As an example, the intrinsic electron spin vector

points in the same direction as the orbital angular momentum vector for the d5/2 state,

whereas the intrinsic electron spin vector points in the opposite direction as the orbital

angular momentum vector for the d3/2 state. The effects of spin-orbit coupling will thus

have ramifications on the total angular momentum and, consequently, the binding energy.

The splitting energy is most simply calculated using the following relation

ξnl =
α2R∞Z

4

n3l(l + 1/2)(l + 1)
(3.26)

where α is the fine structure constant, R∞ is the Rydberg constant, n is the principal

quantum number and l is the orbital angular momentum. Ultimately, a splitting energy of
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9 eV is observed between the 3d3/2 and 3d5/2 peaks while a splitting energy of about 2 eV

is observed for the Se2− 3d3/2 and 3d5/2 peaks, which are not resolved in the spectrum

presented. In practice, the software employed ThermoFisher sensitivity factors, which

are element and instrument specific values that combine to produce a signal, in order to

calculate the atomic ratios. The sensitivity factors may be summarised crudely by the

simplified equation291

I = JρσKλ (3.27)

where the intensity of the photoelectron peak is I, the photon flux is ρ, the cross-section

for the production of a photoelectron is σ, K is an instrumental term that factors in contri-

butions from the detector efficiency and imperfect magnetic fields and λ is the attenuation

length of the photoelectron. The technique yields atomic composition values of Se = 58 %

and Cd = 42 %, which is almost consistent with the expected binary stoichiometry.
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Figure 3.21: XPS scans of CdSe QDs that were stored under an atmosphere of argon gas. a)
Survey scan of CdSe QDs. The most prominent peaks are labelled according to their term symbol.
Auger transitions arise from the relaxation of valence electrons into core shell states, which may
produce an x-ray of sufficient energy to ionise an outer shell electron. Adventitious carbon is
responsible for the transition at 284 eV and is extremely common in XPS spectra.292 The selenium
and cadmium peaks are shown in the green and red boxes respectively. b) High-resolution scan
of the cadmium crests. c) High-resolution scan of the selenium binding energy. The peak is a
superposition of the 3d5/2 and 3d3/2 states.293

The excess of selenium may ensue from the incomplete removal of precursor during the

anti-solvent washing stage. Interestingly, more thorough XPS studies on the elemental

composition have revealed that a number of distinctions exist between the zinc blende and
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cadmoselite structures. Chiefly, the zinc blende polymorph appears to retain its fluorescent

properties when exposed to photo-oxidative conditions compared to wurtzite QDs. The

elemental ratio studies performed by Shivaprasad and co-workers294 are suggestive of the

formation of a thin CdO layer in the zb-CdSe example that protects the QD from further

photo-oxidation. This conclusion was built upon the small shift to a lower binding energy

(2 eV) about the Cd 3d5/2 and Cd 3d3/2 transitions (405 and 411 eV), hinting at the forma-

tion of the oxide of cadmium, which does not develop in the wurtzite phase under the same

conditions. Additionally, highly sensitive measurements show an excess of surface Cd2+

ions for the zb-CdSe QDs (2:1 Cd:Se) when compared to the hexagonal QDs (1:1 Cd:Se).

The quantitative XPS experiments conducted within this thesis may at first appear not

wholly consistent with the literature findings. It should be noted, however, that the QDs

used in the studies here were stored under an inert blanket of argon and protected from light

sources. This will, of course, diminish surface oxidation and consequently an excess of Cd2+

would not be expected. This is confirmed by the lack of an energy shift to a lower binding

energy in the Cd 3d5/2 and Cd 3d3/2 transitions of the XPS spectra gathered. Furthermore,

former studies have reported that, following the displacement of the CdO surface layer using

argon ion bombardment (1 keV Ar+), the inner core exhibits the expected 1:1 abundance

of cadmium and selenium.294 This system is more characteristic of QDs that have not

undergone significant photo-oxidation and is in close agreement with the experimental

results collected. The effects of photo-oxidation on single QD fluorescence will be probed

in Chapter 4 with emphasis on the photoluminescence enhancement/decay envelope.

3.4.4 ICP-MS: Quantitative analysis of CdSe cores

ICP-MS was principally used to investigate the elemental ratios of cadmium and selenium.

The technique relies on the formation of ions and does not typically produce reliable

data for low atomic number elements due to their large and generally inaccessible first

ionisation energies, which limits instrument sensitivity. In the experiments performed

here, the unknown concentration was determined from the calibration curves presented

in Figure 3.22. The calibration curves were constructed using a total of four different

concentrations using two isotopes for each element.

Quantitative measurements of the sulfur present in the core-shell QDs were omitted from

these experiments due to the relative insensitivity of ICP-MS to the sulfur isotopes. In-

terestingly, the results acquired through ICP-MS show that the relative abundances of

cadmium and selenium are not wholly in agreement with data collected using XPS. The

most plausible explanation for the small discrepancy is that the sample underwent a de-

gree of photo-oxidation, most likely during the digestion stage in aqua regia, which induced
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formation of a cadmium-rich oxide surface by the expulsion of SeO2 units, as suggested

previously,35 where surface cation saturation effects have been reported for both CdSe

and PbSe QDs.126,295 Encouragingly, the ICP-MS results collected show a reduction of the

relative cadmium abundance for the wurtzite QDs and wurtzite NRs compared to their

zinc blende phase counterparts, which is consistent with former observations.294 This lends

support to the preceding XPS arguments that noted a lack of cadmium-rich surfaces and

decreased photo-durability of the hexagonal polymorph. Importantly, the atomic ratios

determined from both XPS and ICP-MS were subsequently used to estimate the number

of surface cadmium atoms on a single QD which coordinate to the capping ligand.
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Figure 3.22: ICP-MS calibration curves and elemental ratios of the produced NPs. Calibration
curves of a) Se82, b) Cd114, c) Cd111 and d) Se77. Excellent agreement was found between elemental
isotopes with typically less than a 5×10−3 µg/mL disparity. The raw results were converted to
atomic ratios from µg/mL by dividing by the isotope mass. The table details the material probed,
the element, corresponding isotopes studied and finally the calculated atomic ratio.



Chapter 4

Single molecule spectroscopy and the

modelling of exciton dynamics in CdSe QDs

Thus far the bulk fluorescent properties, atomic arrangements and routes toward colloidal

NPs have mainly been considered. This chapter will develop former observations made in

an effort to explain the exciton dynamics frequently encountered in materials that constrain

the exciton to dimensions smaller than the Bohr exciton radius. At the heart of this

chapter is a recently published charge-tunnelling and self-trapping model that has evolved

from size-dependent elementary kinetics, electrostatic theory and stochastic simulation. It

will be shown that this model can quantitatively account for a number of properties that

are exhibited at the single molecule level, including the widely reported photoluminescence

intermittency (PI) and photobleaching phenomenon of single QDs. The model was, in the

first iteration, used to predict how the blinking statistics are modulated in different polymer

hosts; this was later adapted to account for variation in shell thickness and alteration to

the 3D architecture.

Despite much interest in recent years, a number of features within the photoluminescence

profile remain largely unresolved. The so-called grey states that are universal in single

molecule trajectories are one such feature that has remained somewhat of a conundrum for

several years. The CTST description builds upon former models of charge-tunnelling, offer-

ing a more detailed interpretation of the origin of these weakly emissive states through the

actualisation of state-filling rate equations and equilibria processes. In the scheme of the

CTST developed in this chapter, it is assumed that the positive trion is rapidly quenched

by a highly efficient Auger process consistent with literature models.242,296 It is worth

stressing that while the current CTST speculates upon the delocalised electron tunnelling

in preference to the hole producing the positive trion, the model is fully adaptable and

may be modified to generate the negative trion, a theory that has gathered momentum

recently.297 Furthermore, the interesting effects of photoluminescence enhancement, pho-

toinduced blueing and photodecay are studied experimentally and simulated using the

CTST model. This chapter will introduce the basic CTST model and outline the key

simulation parameters. The agreement between experimentally measured and simulated
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data shall be compared to validate if the CTST framework is a suitable candidate for

understanding the photophysics.

4.1 Outlining the CTST kinetic scheme

The recently published CTST model is constructed from a basic five-state model.2 In the

notation adopted throughout this chapter, the different states are described according to

Table 4.1.

CTST state nomenclature
State Population Time derivative Description
X00 p0 ṗ0 Neutral ground state
X00 p1 ṗ1 Neutral excited state
Xh00 p2 ṗ2 Neutral exciton-hole surface state
X+

01 p3i ṗ3i Surface-charged state
X+

10 p3ii ṗ3ii Core-charged state

Table 4.1: Charge-tunnelling and self-trapping model nomenclature. Here, the state subscripts
show if the QD is in a neutral state X00, a surface charged state X+

01 or a core charged state X+
10.

The state superscript indicates that the exciton-hole is on the surface Xh00. The state populations
and time derivatives are given for completion.

Using the nomenclature developed above and the kinetic scheme shown by Figure 4.1; the

ground state may be excited by a photon with an energy greater than the sum of the bulk

band gap and exciton confinement energy. The rate constant for excitation out of the

ground state is given by kx. The initially formed excited state is described as a neutral,

emissive core-exciton state (X00). The neutral, emissive core may then undergo several

different transformations out of this state.

The conduction band electron may radiatively recombine with the valence band hole yield-

ing the ground state QD. The rate constant for this process is given as kr. The radi-

ative relaxation pathway is largely dominant (kr ≈ 107 s−1) where the rapid equilibrium

(k±h ≈ 1013 s −1) between the neutral, core-exciton and the exciton-hole surface state (Xh00)

modulates QD emission. The modulation is largely dependent upon changes in surface po-

tential and shell depth and shall be discussed at length shortly.

The conduction band electron may alternatively tunnel into the host-matrix, giving rise

to a charged QD. This process occurs on the order of (k+
i ≈ 104 − 10−1 s−1). In general,

the superscripts (+) and (−) denote forward, out of the QD, and reverse, into the QD,

tunnelling of the electrons and holes. A probability, which shall be discussed shortly, is

placed on finding the QD in the charged core state (X+
10) or charged surface state (X+

01)

following ionisation. Further excitation of the charged core state is quenched through the
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well documented Auger relaxation pathway which is on the order of (knr ≈ 109 s−1).298–300

Radiative recombination is free to resume in the neutral-core, surface-charged state (X+
01).

The ionised QD is neutralised by the return of the electron from the host trap. Typically,

return of the electron occurs at a rate of (k−i ≈ 103 − 10−3 s−1) and is responsible for the

observed blinking phenomenon within the time resolution of the experiments performed.
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Figure 4.1: Overview of the CTST kinetic scheme. The ground state may be excited to the
emissive, neutral core state (X00) which may then undergo transitions out of the native-state.
A rapid equilibrium is established between the neutral core and the exciton-hole surface state
(Xh00). Ionisation of the QD leads to the charged core-exciton (X+

10) or charged surface state (X+
01)

where the probability of which state is formed is determined by the core-trap to surface-trap ratio.
The rate constants kx, kr and knr illustrate excitation, radiative recombination and non-radiative
recombination within the scheme. The rate constants for hole and electron tunnelling are given
by k±h and k±i respectively. The superscripts indicate forward tunnelling (+) out of the QD and
reverse tunnelling (−) into the QD. The yellow boxes and grey box represent bright and dark-states.
The graded boxes emphasise modulation of the bright-state by the exciton-hole sampling the QD
surface. The exciton-hole is more deeply modulated for the (X+h

01 ) state due to the excess-hole
repelling the exciton-hole.

Importantly, the QD emission is further modulated in both the emissive, surface-charged

exciton state (X+
01 ↔ X+h

01 ) and the neutral-core emissive state (X00 ↔ Xh00) by the

rapid surface hole equilibrium. The reduced overlap of the core-electron wavefunction

and surface-hole wavefunction is the origin of the modulation.
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A number of approximations are made to reduce computational demands. Since the neut-

ral, emissive core (X00) is in rapid equilibrium with the surface-hole state (Xh00) the steady-

state approximation dictates that relationship between populations is simply

Xh00

X00
=
k+

h
k−h

(4.1)

secondly, ionisation of the QD (k+
i ) and electron return (k−i ) is relatively slow compared

to the radiative and non-radiative recombination rates. The system rapidly establishes

a steady-state which simplifies the governing rate equations by realising that further ex-

citation, kx, of the core charged (X+
10) and surface-charged (X+

01) states leads to Auger

quenching or radiative recombination on a much faster timescale than electron recovery.

The temporal evolution of the system is derived from the kinetic scheme presented in Fig-

ure 4.1 from which a set of time dependent state-filling probabilities may be extracted.

The ground state p0 is described by

ṗ0 = (kr + knr)p1 − kxp0 (4.2)

the neutral, core-exciton state p1 is given by

ṗ1 = kxp0 − (kr + knr)p1 − k+

hp1 + k−hp2 − k+
i p1 + k−i p3 (4.3)

the transient, neutral surface-hole state p2 is

ṗ2 = k+

hp1 − k−hp2 (4.4)

lastly, the surface-charged p3i and core-charged p3ii states are represented by

ṗ3i = ρk+
i p1 − k−i p3i ṗ3ii = (1− ρ)k+

i p1 − k−i p3ii (4.5)

here, ρ gives the surface to volume ratio, which was calculated from a spherical cluster

approximation. The rate of formation of state p3 is relatively slow (k+
i ≈ 104 − 10−1 s−1),

and upon formation of the p3 state it is fed into a new kinetic cycle, which again rapidly

establishes a steady-state. This then remains fluorescent (hole on surface) or dark (hole in

core) until charge neutralisation through electron recovery from the substrate. Ultimately,

the above equations reduce to three essential rates. The radiative rate (rrad), the rate of

QD ionisation (rion) and the rate of electron recovery (rrec). The radiative rate depends on

the radiative rate constant and the core-exciton fraction. The ionisation rate is dependent

upon the ionisation rate constant and both the core and surface-hole exciton fractions.

Lastly, the electron recovery rate is independent of the QD state. The electron may return
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to either the surface-charged ground state (X+
01), the excited surface-charged, core exciton-

hole state (X+
01) or the surface-charged, surface exciton-hole state (X+h

01 ) for a charged

emissive state within the steady-state approximation, where summation of the fractional

probabilities over the three states equates to unity. These are derived more fully in the

appendix but for conciseness may be expressed as

rrad = krfc (4.6)

where kr is the rate constant for radiative recombination and fc is the core-exciton fraction.

The rate of QD ionisation from the neutral core and transient surface exciton-hole is

rion = k+
i (fc + fs) (4.7)

where fs represents the transient surface-hole exciton fraction. The rate of return of the

electron from the host substrate is independent of which state the QD is in and is modelled

as

rrec = k−i

n=2∑
n=0

pn = k−i (4.8)

where summation of all possible state fractions equates to unity and the recovery rate

simply reduces to k−i . To complete this description, the recovery of the electron to the

non-emissive charged core-exciton state is similarly independent of the QD state. The

electron may return to either the charged core-exciton (X+
10) ground state or the charged

core-exciton (X+
10) excited state, where summation of the two state fractions is again unity.

4.2 Introduction to the CTST energetics

Attention is now turned to the energetics of the system. An energy level diagram is presen-

ted in Figure 4.2 and shall be the centrepiece to this discussion. The bulk band structure

parameters for the CdSe and ZnS are sourced from the abundant literature298,301,302 and

the exciton confinement energies determined from solutions to the Brus equation given in

Chapter 1. Additional parameters such as excitation wavelength, lattice constant and QD

diameter were controlled experimentally and used as initial simulation arguments.

Herein, several single molecule studies will be explored in detail with salient features of

the model introduced to account for each phenomenon in the single molecule trajectory

profile. The simulation parameters were closely matched to experimental details in order to

evaluate the model. Inspired by the work of Cichos and colleagues48,104,303 the effect of the
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dielectric media on the blinking intermittency of single QDs was conducted here to confirm

formerly observed trends by employing a different QD size and excitation wavelength to

previous studies.
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Figure 4.2: a) Global band structure diagram of the energetics governing the CTST model.
The blue boundary represents the valence band (VB) edge whilst the red boundary shows the
conduction band (CB) edge for bulk CdSe. The dashed orange line and dashed blue line highlight
the confinement energy offsets for the CB and VB respectively, which arise from confining the
exciton to dimensions smaller than the Bohr exciton radius. The processes given by EQD and
Eg signify emission and the bulk band gap respectively. The electron may tunnel from the CB
through the shell and matrix to an external trap where it is stabilised relative to the CB by φe
which is a function of the Born solvation energy. b) The hole may trap at the surface, where the
surface-trapped hole is stabilised by φh which is determined from nano-composite arguments and
regularisation of the self-energy at the surface. c) Diagram of the method of image charges where
it can be shown that for a real charge, q, suspended above an infinitely conducting plane the image
charge, Q, has the same magnitude but opposite sign of the real charge.

Exciton recombination is typically fast compared with CCD exposure time and one may

naively conclude the QD will remain fluorescent for as long as it is excited. Extraordin-

arily, the earliest single molecule observations revealed the stochastic switching between

radiative and non-radiative states under continuous illumination304–306 which persist over

several orders of magnitude in time. To account for this the CTST model adopts a charge-

tunnelling approach, whereby the electron can tunnel into the host substrate, controlling

blinking, whilst radiative recombination is modulated by the exciton-hole tunnelling to the

surface of the QD. The influence of the dielectric medium in which the QDs are embedded

is of paramount importance when considering the trapping solvation energy of the ejected

electron and self-energy of the hole. Additional complexities arise from the immediate lig-

and environment protruding from the NC surface which acts dilute the dielectric constant
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of the host substrate. The surface ligands and QD coverage were investigated through

NMR and will be dealt with shortly.

Contemplate the potential experienced by the hole as it approaches the surface. The

method of image charges is used to predict the curvature of the potential as the hole

approaches the dielectric interface. In the simplest case, the method of images may be

applied to solve the potential experienced by a point charge suspended above an infinitely

grounded plane and is shown schematically in Figure 4.2c where the potential varies as

V =
1

4πε0

(
q√

x2 + y2 + (z − a)2
− q√

x2 + y2 + (z + a)2

)
(4.9)

where the method of images mimics the boundary conditions imposed on the potential.

The boundary conditions here state that the potential of the point charge must vanish

in the (xy) plane and at infinity. The placement of an image charge Q at a distance A

from the conducting plane replicates the boundary conditions imposed when the image

charge Q has the same magnitude as the real charge q and is the same distance from the

(xy) plane. This is explored in more detail in Appendix D.15. The final result given by

Equation 4.9 describes the potential of the point charge above the plane and satisfies the

initial boundary conditions.

In the scenario of an exciton-hole approaching the dielectric interface, the image charge

is not simply the mirror image of the real charge as in the simple example discussed. A

screening factor is introduced that accounts for perturbations in the dielectric medium

induced by the real charge. The potential of a positive charge near the interface for a

dielectric interface takes the form307

V =
q2K

8πε0ε1r
(4.10)

where q is the point charge, K = (ε1−ε2)/(ε1 +ε2) where ε1 and ε2 represent the dielectric

constant of the medium in which the real charge and the image charge reside, ε0 is the

vacuum permittivity and r is the distance to the interface and is negative. It can be seen

from Equation 4.10 that when the dielectric constant ε1 > ε2, as is typical for CdSe QDs,

the potential tends toward −∞ for a positive charge at the interior interface. Conceptually,

this arises from the favourable polarisation of the QD interior by the hole compared to the

external matrix which induces a negative net charge at the interior interface. It follows that

the external image charge will then be positive, and for a hole attempting to escape the

QD, a repulsive force will be exerted. This is explored in greater detail in the appendix.

Transition of the real positive charge into the matrix induces formation of the negative

image charge inside the QD. This exerts an attractive force on the hole where the potential
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for the hole tends toward +∞ at the exterior interface. The relatively poor polarisability

of the matrix compared with the QD is responsible for the absence of charging along

the exterior interface, and consequently, the image charge inside the QD is negative. To

complete this description of image charges, the potential of an electron approaching the

interface is given by the expression −q2K/8πε0ε1r, where approximate potentials of a hole

and electron at a dielectric interface are given by Figure D.8. It is obvious that in the

limit r → 0 the potentials become unphysical and so the technique of regularisation was

employed to parameterise the potential, where the trap radius was chosen as a sensible

regularisation condition.

4.2.1 The local dielectric environment

It is now necessary to consider how the electric field at the surface of the QD will differ

from the bulk matrix in which the QD is embedded. This will have a subtle effect on the

trapping potential of the hole at the QD surface. The local electric field at the QD surface

is more accurately described as a nano-composite of both the ligands and the substrate.

The effective dielectric constant, εs, at the interface was calculated through the Maxwell-

Garnett effective medium approximation.174,308,309 The effective dielectric constant was

subsequently used for the determination of the hole trapping potential at the QD surface.

The hole trapping potentials are illustrated in Figure 4.2 for the 5 different QD substrates

investigated in this thesis. The Maxwell-Garnett approximation is given by

εs = εm
2δi(εi − εm) + εi + 2εm
2εm + εi + δi(εm − εi)

(4.11)

where the variable εm is the dielectric constant of the host substrate, the dielectric constant

of the ligands protruding from the QD surface is given by εi and the fractional volume of

space that the ligand occupies is termed δi.

4.2.2 NMR studies of ligand surface coverage

Quantification of the surface ligand is non-trivial for QDs since the high ionisation energies

of the hydrocarbon ligand make it unsuitable for techniques such as ICP-MS and atomic

absorption spectroscopy (AAS). Furthermore, the ligands are electron transparent, which

rules out the possibility of using conventional electron microscopy techniques. Despite these

difficulties, XPS, Rutherford backscattering spectroscopy (RBS) and NMR have found

some success at uncovering the ligand coverage over a single QD.154,156,310 The availability

of the NMR facility and relatively simple sample preparation made NMR an attractive

option for this study, where the results are shown by Figure 4.3.
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Figure 4.3: 1D MAS H NMR study of the CdSe QD surface. a) NMR spectrum of the free
ODA ligand in the absence of CdSe QDs. The inset serves to illustrate the short T2 time, which
is associated with large macromolecules and was adapted from Claridge.311 b) NMR spectrum
of as-prepared CdSe QDs with the ODA surfactant. The peak multiplicity is denoted (t) or (m)
indicating a triplet or multiplet respectively. c) Normalised spectrum of the free ODA. The peaks
have been stretched over the abscissa to resolve the peak splitting. d) Normalised spectrum of the
CdSe QDs with ODA surfactant. Importantly, a down-field broad shoulder appears on the -CH3

and -CH2 resonances at 0.88 and 1.2 ppm respectively. This may be attributed to the tethered
ligand, which slowly tumbles in solution.

The slow molecular tumbling of the bound ligand inherently results in broad resonances.

This primarily arises from the typically short T2 relaxation times of large molecules in

solution and anisotropic dipole-dipole interactions and is remarked upon in Figure 4.3.

The short lifetime, ∆t, is related to the peak width through the Heisenberg uncertainty

principle312

∆∆E ≈ h

2π∆t
(4.12)

where ∆∆E is then the uncertainty in the energy measurement and h is the Planck con-

stant. Magic angle spinning (MAS) was employed in an effort to remove anisotropic dipole-

dipole interactions which occur for slowly tumbling molecules in solution. The rapid spin-

ning of the specimen at an angle of 54.7◦ relative to the applied magnetic field induces

averaging of the dipole-dipole interaction and a sharp resonance is observed. Ultimately,

MAS assists with resolving the sharp resonance of the free ligand fraction and the broader

resonance associated with the surface-tethered ligand fraction. Quantitative NMR was

performed on the specimen to estimate the ligand surface coverage. The separation of the

bound and free ligand peaks permits direct integration of the bound fraction resonance of
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the methyl terminus. To estimate ligand surface coverage, the number of QDs in solution

was calculated from the UV-Vis spectra and Peng’s relations.70 A volume of 39.8 µL of QDs

at a concentration of 1.45×10−4 mol dm−3 was transferred to the NMR probe with 0.2 µL

of benzene as an internal standard. The total number of QDs was calculated using the

Avogadro constant to arrive at 3.47×1015 QDs in solution. The bound fraction of ligand

was estimated as 0.213 µmol equating to 1.28×1017 molecules of ligand. The number of

ligands per QD was estimated to be about 37 with a surface coverage of 1.3 ligands nm−2,

assuming the QDs are perfectly spherical. Encouragingly, the ligand coverage calculated

here is in excellent accord with past reports on the subject.313,314

Translation of the ligand coverage into a fractional coverage is realised through the calcula-

tion of the number of surface atoms of a single QD.315 The first step was to determine the

density of the CdSe QD. A single zb-CdSe unit cell contains a total of 8 atoms, where the

cadmium and selenium atoms are in a 1:1 stoichiometric ratio. The lattice parameter was

previously determined through the Riley-Nelson method and is presented in Figure 3.17.

The simple conversion of atomic mass units to grams and substitution into the following

formula generates the density of a CdSe QD

ρCdSe =
4(Se) + 4(Cd)

a3
= 5.66 g cm−3 (4.13)

here ρCdSe gives the density of the QD and a represents the lattice constant. The QDs

used in this NMR study had a radius of 1.5 nm and volume of 14 nm3. The number of

atoms in a single QD was deduced using

VolQDρCdSe
MrCdSe

NA = 249 CdSe (4.14)

here the volume of a single CdSe QD is termed VolQD, the molecular weight of the CdSe

units is given by MrCdSe and NA is the Avogadro constant. A crude estimation of the

percentage of surface atoms may be made using a simple cluster approximation.313,314,316

A cluster size of about 500 atoms has approximately 45% of the total atoms on the surface

of the QD. If one assumes a perfect 1:1 atomic ratio of Cd:Se then it can be shown that

there are around 110 cadmium atoms on the surface of a single QD. The ODA surfactant

is believed to behave as an L-type ligand coordinating exclusively to surface cadmium

sites.317 In conclusion, only a third of the cadmium atoms are coordinated by the ODA

ligand. The low surface coordination may be explained by considering in detail how the

long hydrocarbon chain of the ODA ligand behaves.

The interaction of the ligand with the QD surface was studied more fully in a study by

Strouse et al. using heteronuclear correlation (HETCOR) NMR.157 Impressively, through

the use of 113Cd{1H} and 77Se{1H} HETCOR experiments it was suggested that the alkyl



110 SECTION: 4.2

chain is tilted toward the QD surface in the solid state. The interaction of the alkyl chain

hydrogens with the surface selenium shows that the alkyl chain interacts at five distinct

selenium surface sites. It is clear that the inclusion factor of the Maxwell-Garnett nano-

composite environment is not simply the number of ligands crowded about a single QD

but also the orientation of the ligand about the QD surface. Since the single molecule

fluorescence studies reported in this thesis were typically performed on a dry substrate the

collapse of the ligand backbone onto the QD surface cannot be ignored. A more realistic

estimate of the ligand surface coverage for dry QDs was reported using RBS160 and XPS318

yielding a broad range of values between 50% and 80% for the TOPO ligand. The TOPO

surfactant, which consists of three alkyl chains crowded about a single phosphorus atom,

is more sterically demanding than the alkylamine, a single hydrocarbon chain, which was

used in the studies conducted here. It is, therefore, reasoned that the inclusion factor

should be in the range of 70% to 90% for dry QDs passivated with ODA. Generally, a

filling fraction of δi = 0.7 was used in simulations, where the ligand dielectric constant has

been reported as 2.7 (HDA).319

In keeping with former publications the ligand was probed through the use of DOSY and

NOESY NMR measurements. A number of 2D NMR techniques have been reported in

recent years to investigate the ligand binding dynamics on QDs. To interpret the 2D NMR

presented in Figures 4.4 and 4.6 it is essential to understand the basic principles of DOSY

and NOE measurements. DOSY measurements rely on the diffusion of NMR active nuclei

between pulses. The simplest and most intuitive DOSY pulse sequence is the pulsed field

gradient spin-echo (PFGSE) experiment. First, a π/2 pulse is applied to the NMR tube to

tip the net magnetisation vector into the (xy) plane. A gradient pulse is then applied along

the NMR tube to spatially encode the sample. Following a delay time, a π pulse is applied

to the NMR tube flipping the net magnetisation vector 180◦ and a second field gradient of

equal magnitude and time to the initial field gradient is applied along the NMR tube. If the

molecules do not diffuse over the time delay between pulses then perfect refocusing occurs

and one observes a maximum spin-echo signal. The Stejskal-Tanner expression that was

given in Equation 2.28 relates the signal intensity at the end of the spin-echo to the diffusion

coefficient. It is worth mentioning briefly that in practice the PFGSE sequence is limited

by relaxation in the transverse plane which is non-negligible for large macromolecules. The

pulsed field gradient stimulated-echo sequence is usually preferred, whereby decoherence in

the transverse plane is circumvented by storing the net magnetisation in the longitudinal

plane.

The DOSY spectra collected for the CdSe QDs presented in Figure 4.4 show two clear

diffusion times associated with the ODA ligand; the bound population, which exhibits a

broad NMR resonance due to the reduced molecular tumbling and a diffusion coefficient

of 2×10−10 m2 s−1; and the free ligand, which is characterised by a sharp resonance with
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a diffusion coefficient of 11×10−10 m2 s−1. The diffusion coefficient is related to the size of

the diffusing species by the Stokes-Einstein equation, which was introduced in Section 2.3.2.

The DOSY spectrum collected was performed at 298 K in toluene, where the viscosity of

toluene is 5.55×10−4 N s m−2. This yields a value of 2 nm for the hydrodynamic radius

of the slowly diffusing constituent which, to a good approximation, matches the expected

size of the QDs.
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Figure 4.4: 2D H DOSY spectra of CdSe QDs with surface and free ODA ligand fractions.
a) DOSY spectrum of the methyl resonance of ODA which shows an abundant rapidly diffusing
population with a diffusion coefficient of 11×10−10 m2 s−1 and a more static population diffusing
at 2×10−10 m2 s−1 which may be ascribed to the bound ligand fraction. b) DOSY spectrum of
the -CH2 backbone resonances of ODA which indicates a slow and rapidly diffusing component.
Spectral overlap of the bound and free ligand leads to streaking of the diffusion coefficient between
the populations. c) Illustration of the spatially encoding gradient pulse along the NMR tube and
the effect on the net magnetisation vector.

The data collected were reinforced by measuring the NOE sign associated with the bound

and unbound fractions, where the sign of the NOE is determined by the dominant relaxation

mechanism. To understand the origins of the NOE and its importance for characterising

tethered ligands consider the relaxation pathways available to the simplified system as

presented in Figure 4.5. If one saturates the S resonance, equalising the populations across

the S transition, then the relaxation to re-establish equilibrium may occur via the W0, W1

or W2 pathway. The relaxation process through W1 does not alter the population of I and,

if efficient, will act to weaken both positive and negative NOEs measured. The double

quantum transition, W2, increases the population difference of I inducing a positive NOE.
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The zero-quantum transition, W0, acts to reduce the population difference of I producing

a negative NOE.
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Figure 4.5: Simplified illustration of the NOE and how it manifests in 2D NMR. Spin-state
diagram of 4N states with emphasis on a) the single quantum relaxation pathway, b) the zero-
quantum transition and c) the double quantum transition. Saturation of the S resonance from
equilibrium equalises the α and β populations of the S resonance. e) System relaxation via the
W0 transition leading to an intensity reduction of the I resonance (−ve NOE). f) Spin relaxation
through the W2 transition induces an intensity gain of the I resonance (+ve NOE).

The longitudinal relaxation processes described occur through a change of spin-state in

the presence of an oscillating magnetic field at the Larmor frequency, which is dependent

on molecular motion. The spectral density describes how the density of the oscillating

magnetic field varies with tumbling frequency at different correlation times. Importantly,

large molecular species with long correlation times exhibit high spectral density at low

tumbling frequencies. In contrast, small molecules in solution possess a relatively high

spectral density at high tumbling frequencies. The zero-quantum transition (−ve NOE)

yields a small energy difference, where relaxation through this mechanism is favoured by

coupling to slow tumbling molecules with low-frequency magnetic field oscillations. The

double quantum transition (+ve NOE) is the sum of the energy of both nuclei relaxing

in the applied magnetic field, which is relatively large and is the predominant relaxation

mechanism for nuclei coupled to rapidly tumbling molecules with high-frequency magnetic

field oscillations.

The NOE data presented in Figure 4.6 are consistent with a slowly tumbling bound ligand

fraction (−ve NOE) with an associated broad resonance and a rapidly tumbling fraction

(+ve NOE) as indicated by the sharp resonance, DOSY spectra and NOE sign. This

concludes probing of the QD surface ligands through NMR.
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Figure 4.6: 3D and 2D H NOE spectra of CdSe QDs with surface and free ODA ligand fractions.
a) Surface NOE plot of the as-prepared CdSe QDs in toluene-d8. The plot captures the most
interesting resonances of the methyl terminus (0.88 ppm) and the hydrocarbon backbone (1.2 ppm).
Here red and blue correspond to positive and negative NOE peaks respectively. A contour map is
included below the surface plot for completion. b) 2D NOE spectra expanded about the methyl
resonance. There exists a distinct negative NOE for the broad resonance (0.92 ppm) which may
be attributed to the bound ligand. The sharp resonance (0.88 ppm) exhibits a positive NOE and
is indicative of free ligand. c) 2D NOE of the -CH2 backbone suggestive of fast (red) and slow
(blue) components.

4.2.3 Tunnelling geometries and exciton pathways

The tunnelling rate constants used in the formulation of the three key rate equations

given by Equations 4.6, 4.7 and 4.8 at the beginning of the chapter will be considered

in detail, accompanied by the definitions of the mean barrier heights and their validity

within the CTST model. Principally, the tunnelling rate constants k+

h , k
−
h , k

+
i and k−i are

obtained through invoking the Wentzel–Kramers–Brillouin (WKB) approximation320,321

to solve the Schrödinger equation for the classically forbidden region between the core and

trap where the potential energy barrier exceeds the exciton energy. Typically, the decay

of the wavefunction in the forbidden region may be approximated by the WKB method.

This is expanded upon in Appendix D.16. The final result is an exponentially decaying

wavefunction of the form

ψ ' κe±
∫ √

Q(x)dx− 1
4
lnQ(x) (4.15)

in the case that the amplitude of the wavefunction varies rapidly compared to the phase, as

is the case in the tunnelling regime, Q(x) = 2m(V (x)−E), where m is the particle mass,
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V is the potential energy barrier and E is the exciton kinetic energy. The transmission

probability through the barrier depends on the degree of attenuation that the decaying

exponential function exerts. In general, the tunnelling phenomenon is only observed over

short distances for particles with a small mass. At larger tunnelling distances the recovered

oscillating wavefunction amplitude is severely diminished. Crucially, the oscillating wave-

function in the classically allowed region must transition smoothly into the exponentially

decaying wavefunction in the tunnelling region and finally transform to an oscillating wave-

function with reduced amplitude on the opposite side of the potential energy barrier. This

is achieved through patching or connection formulae found in the literature.322,323 In this

work the rate constants to the first order are given by the general expression324

k = A
σ

4πR2
0

e(−l
√

8m(V−E)/~) (4.16)

where A is the attempt to escape frequency of the electron or hole from the core, surface

state or external trap, the tunnelling length is termed l, particle mass is given by m, the

potential energy barrier is V and E is the kinetic energy of the charge-carrier. The attempt

to escape factor is related to the kinetic energy of the charge-carrier through A = 2E/h

and the pre-factor σ/4πR2
0 which accounts for the capture probability of the charge-carrier,

where σ is the trap cross-section and R0 is the centre of QD to centre of trap distance.

The tunnelling geometry introduced here is represented in Figure 4.7.

Shell
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re
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Figure 4.7: Blueprint of the CTST tunnelling geometries where a) shows the CdSe core (red)
of radius Rc encapsulated by an inorganic shell (purple) with the hole located on the surface of
radius rh where Rs is the core-shell radius. The electron may tunnel to an external substrate
electron trap (cyan) of radius re where it may return to the surface trapped hole along pathway
Rr (magenta). b) Illustration of the increase in the density of substrate traps per solid angle with
tunnelling length. In three dimensions the trap total cross-section at an arbitrary tunnelling length
equates to 4π2R2

0r
2e.

The tunnelling length of the relatively heavy localised exciton-hole is modelled as a fixed

distance where, if assumed no shell degradation occurs over the QD lifetime, d = Rs −Rc
where Rs and Rc define the core-shell and core radii respectively. Consider now the electron
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tunnelling from the QD CB to an external electron trap as illustrated in Figure 4.2. The

tunnelling distance is dynamic and the trap distribution is uniform between zero and a

maximum tunnelling length, lmax, which is given by the Bjerrum length325

lmax =
e2

εCdSekBT
(4.17)

as expressed in Gaussian units and the parameter εCdSe is the dielectric constant of the

QD, kB is the Boltzmann constant, e is the elementary charge and T is the temperature.

Ultimately, it is the point at which the thermal energy of the electrostatic charges match

their electrostatic interaction at a defined separation distance. The centre of the QD to

centre of the electron host-matrix trap distance is given simply by

R0 = Rs + rh + l + re (4.18)

where it is then easy to show that the capture probability for the electron trapping in the

host-matrix is given by

πr2e
4πR2

0

=
σe

4πR2
0

(4.19)

which may be regarded as the fractional area in an imaginary sphere of radius R0 that a

single host electron trap occupies. In this instance it is assumed that the electron tunnels

isotropically from the QD. To account for multiple electron traps it is assumed that traps

are uniformly and randomly distributed within the matrix such that the density of traps

scales as 4πR2
0 which ultimately reduces the capture probability to πr2e as illustrated by

Figure 4.7. It follows that the back-tunnelling of the electron from the host substrate to

the QD surface is not governed by a scaling factor since the trapped electron may only

return to its single parent QD. Thus electron return is described by

πr2
h

4πR2r
=

σh
4πR2r

(4.20)

and from geometrical considerations the back-tunnelling distance of the electron to the

surface localised hole is calculated using the cosine rule in Equation 4.21.

R2
r = (Rs + rh + l + re)2 + (Rs + rh)2 − 2(Rs + rh + l + re)(Rs + rh)cosθ (4.21)

The position of the surface-hole was randomised according to cosθ = 2µ − 1, where µ is

a random number selected within the [0, 1] interval. It was discovered that experiment-

ally determined kinetics were best fit by simulations when the surface-hole was allowed

to vary over only a narrow range of angles. This is suggestive of the rapid localisation of

the surface-hole along the line of Coulomb attraction to the substrate-trapped electron.



116 SECTION: 4.2

Recently, investigations into the rapid localisation of the exciton-hole in CdSe NRs have

been accomplished using transient absorption (TA) and time-resolved terahertz spectro-

scopy.326 The ultra-fast techniques employed guided Efros and co-workers to theorise rapid

hole localisation (11.7 ps) within a ±0.8 nm pocket that develops from the electron Cou-

lomb potential well. Additionally, computational studies by Wang327 have shown that, for

a QD in the presence of an external negative point charge, the exciton-hole wavefunction

readily polarises toward the negative point charge. In light of these observations it seems

reasonable to suggest a similar effect will act to localise the surface-trapped hole toward

the substrate-trapped electron. In the limit that θ → 0 the return of the host-electron to

the surface-hole reduces to

Rr = rh + l + re (4.22)

where, in the absence of rapid surface-hole polarisation at the QD surface, the emissive,

surface-charged state was found to be too long-lived and matched poorly with experi-

mentally observed blinking. Orientation of the surface hole toward the trapped electron

reproduced blinking dynamics across a range of conditions quantitatively.

4.2.4 Potential energy barriers and their construction

The recombination of the electron, stabilised by the host substrate, with the excess-hole

at the QD surface (X+
01) or with the charged-core state (X+

10) is an energetically downhill

process. It is assumed that, to a reasonable approximation, the potential energy barriers

for tunnelling may be expressed as their mean values.320 This assumption has been shown

to be valid for an arbitrary potential, where the tunnelling length and potential energy

barrier are both large. Ordinarily, the approximation is valid when the tunnelling exponent

l
√

(V − E) > 4 for a free electron mass. In the context of QDs it can be shown that this

requirement is fulfilled when320

l =
4√

(V − E)
= 2.3 Å (4.23)

Figure 4.2 reports a bulk electron affinity of Eea ≈ 4.5 eV, a stabilisation energy of the

electron in the matrix trap of φe ≈ 2 eV and kinetic confinement energies of about 0.5 eV

where Equation 4.24 was employed to calculate the average potential barrier. To reproduce

blinking statistics in the range of (10−3 − 103 s) the tunnelling distance corresponds to at

least 7 Å and the mean barrier approximation would appear satisfied.

The validity of the mean tunnelling barrier approximation allows the construction of the

basic framework of the CTST model. Inspect the energetic scheme given by Figure 4.8.
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Figure 4.8: Diagram of the tunnelling routes in the CTST model. a) The average potential energy
barrier for ionisation of the QD relative to the CB edge. The electron affinity energies in the core
and trap are additive and the electron stabilisation contributes negatively to the average potential
energy. b) Host-trapped electron returning to the QD core VB where energies are calculated
relative to the substrate trap. The electron affinities and the host stabilisation energy are positive
and EQD−φe is negative. c) Host-trapped electron return to the surface-trapped hole, where the
electron affinity and host stabilisation energies are positive and EQD − φe − φh is negative.

It can be shown that the potential energy barrier for tunnelling of the electron from the

neutral, emissive state (X00) to the substrate trap is given by

V +
ion =

Eea + Eea − φe
2

= Eea −
φe
2

(4.24)

where the potential energy barrier for back-tunnelling of the electron to the charged, core

state (X+
10) is expressed as

V −off =
φe + Eea + Eea + φe − (EQD − φe)

2
(4.25)

∴ V −off = Eea + φe −
(EQD − φe)

2
(4.26)

and the barrier for back-tunnelling of the electron from the host substrate to the surface-

charged, emissive state (X+
01) is

V −on =
φe + Eea + Eea + φe − (EQD − φe − φh)

2
(4.27)

∴ V −on = Eea + φe −
(EQD − φe − φh)

2
(4.28)
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where electron affinity of the bulk semiconductor is given by Eea and the hole and electron

trap stabilisation energies are presented as φh and φe respectively.

To complete the parameterisation of the energetic scheme, the stabilisation energy of the

electron in the host medium and hole stabilisation at the QD interface must be defined.

In the CTST scheme, the self-energy stabilisation of the host-trapped electron is modelled

by the basic Born solvation energy and the origin of the Born solvation is considered in

detail in the appendix. The final expression is given as

φe =
(1− 1/εm)e2

2re
(4.29)

where the dielectric constant of the matrix is εm and re is the trap radius. The substrate

trapped electron returns to the QD valence band since return from the trap to the CB edge

is thermally forbidden, where (kBT ≈ 0.026 eV) at room temperature. The surface-hole

self-energy is307

φh =
(1/εs − 1/εQD)Ke2

2rh
(4.30)

where εs is the nano-composite dielectric constant, εQD is the dielectric constant of the

QD and K is a screening factor that describes the dielectric mismatch at the interface,

where K = (εQD − εs)/(εQD + εs). The technique of regularisation, commonly used in

theory,328 was applied to remove the singularities arising at the QD interface. The trap

radius was chosen as the regularisation condition since the trap radius is the minimum

distance the trapped hole can approach the surface without actually crossing back into the

QD. The trap radii were estimated to be on average 0.3 nm for each polymer host which is

consistent with the lattice constant of p-terphenyl (0.28 nm),329 the dominant interstitial

in SiO2 (0.3 nm)330 and the lattice parameter of PVA (0.27 nm).331 The size-dependent

dielectric constant of the QD was evaluated using332

εQD = 1 +
εg − 1

1 + (0.75/2Rc)1.2
(4.31)

where the variable εg is the dielectric constant of bulk CdSe. The use of the unperturbed

matrix dielectric constant for the calculation of the host-trapped electron solvation energy

and the nano-composite dielectric constant for the determination of the surface-hole may

be supported by recalling that to reproduce experimental trends it was necessary that the

electron traps at a distance of at least 7 Å from the QD surface. In principle the ligand

used in the blinking studies here may extend up to about 2.7 nm into the matrix, assuming

a C−C bond length of 0.15 nm, which suggests that a nano-composite dielectric constant

would be more applicable for describing the electron trapped in the matrix. Importantly,
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it has been shown that the ligand has a tendency to collapse onto the QD surface in the

solid state, as verified through NMR methods mentioned previously, and for simplicity, the

dielectric constant of the matrix is expected to be only dependent on the substrate. Indeed,

single molecule studies conducted within this thesis show that the blinking dynamics of

single QDs are dominated by the dielectric constant of the substrate host.

4.2.5 Charge carrier confinement energies

Derivation of the exciton charge-carrier confinement energies was accomplished by ex-

ploiting an empirical relationship, which is presented in Figure 4.9c. Curve fitting of a

plot of QD radius against transition energy was used to arrive at the fitting function

EQD = 1.9+0.8/R2c. The confinement energy of the exciton-pair at the band edge is then

Eex = EQD − Eg − Ec (4.32)

where Eg represents the bulk band gap of CdSe and Ec is the attractive Coulomb term

from the Brus equation, Ec = −1.8e2/εQDRc. The electron and hole confinement energies

are then given by

Ee(h) =
mh(e)

me +mh
Eex (4.33)

This completes the general outline for parameterisation of the CTST description of pho-

toluminescence in nanomaterials.

4.3 Routes and rates of excitation and decay

A selection of the size-dependent properties explored in this section are illustrated by

Figure 4.9, including the dielectric constant of the QD, radiative and non-radiative rates

and the size-dependent band gap. Initial excitation of the QD promotes an electron from

the VB to CB where the excitation rate depends on the excitation cross-section σx, the

excitation wavelength λ, and the intensity of the excitation beam I, leading to an excitation

expression

kx =
σxλI
hc

(4.34)

where the excitation wavelength commonly employed was the 473 nm DPSSL line at low

power densities, typically in the range of (0.3−0.8 kW cm−2), to reduce photobleaching

effects.
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Figure 4.9: Size-dependent parameters of CdSe QDs. a) Variation of the dielectric constant of a
CdSe QD with size. At large radii, the dielectric constant tends toward the bulk dielectric constant
of CdSe. The line serves as a visual guide only. b) Size-dependent Auger relaxation rates for a
single exciton pair (red), two exciton pairs (black) and three exciton pairs (green) as calculated
from Equation 4.37. In the case of biexciton formation for a QD of Rc = 2 nm it can be shown
that Auger recombination occurs in about 30 ps. The lines serve as a guide for the eye only. c)
The trend in the first exciton absorbance energy with QD radius where experimental data points
(black) were calculated using Peng’s equation.70 A curve (red) was overlaid on the experimental
points using EQD = 1.9 + 0.8/R2c. d) Influence of the of the QD radii on the radiative rate as
determined by Equation 4.36.

The absorption cross-section was calculated according to70

σx = 1600EQD(2Rc)3 1000ln10

NA
(4.35)

where NA is the Avogadro constant and EQD is the transition energy obtained through

the empirical fitting function discussed previously. To calculate the radiative rate a simple

relationship has been proposed that reports on the size-dependent spontaneous emission

rate of QDs and is given by Equation 4.36.333

kr = 0.0753Eem − 0.1151 (4.36)

Heuristically, if radiative relaxation occurs largely from the band edge then Eem ≈ EQD
and the QD radius is Rc = 2 nm then the radiative relaxation times are on the order of

20 ns. Lastly, the non-radiative route is quantified by considering the Auger constant, CA,

the volume of the QD, VQD, and the number of electron-hole pairs, N , which leads to the
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expression knr = CA(N/VQD)2 and may be rewritten as113

knr =
9× 10−30N2

16π2R6c
(4.37)

using this prescription to calculate the non-radiative rate of a QD of radius Rc = 2 nm

gives Auger recombination time-scales of about 30 ps, stressing the dominance of the non-

radiative pathway in the charged-core dark-state.

4.4 Tuning trap depth

The trap depth was engineered by spin-casting QDs at a nanomolar concentration onto a

coverslip which had previously been coated with a thin film of a known dielectric constant.

In the studies completed here the dielectric constant of the host substrate was varied using

PVA (εm = 14), PVP (εm = 4.8), SiOx (εm = 3.8), PS (εm = 2.53), and p-terphenyl

(εm = 2.12). The QDs were dosed with CW irradiation (473 nm) at about 45 W cm−2

and the fluorescence emission collected on an I-CCD. Typical sections of single molecule

traces for QDs on a variety of substrates are illustrated by Figure 4.10.
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Figure 4.10: Experimental single QD trajectory profiles, where the QDs are embedded in a) pT
(εm = 2.12)(cyan), b) PS (εm = 2.53)(blue), c) SiOx (εm = 3.8)(green), d) PVP (εm = 4.8)(red)
and e) PVA (εm = 14)(black). The single molecule traces are complemented by their matching
intensity-binned histograms. Typically, the on/off threshold was set to 2σ above the background
and is shown by the dotted line overlaid on the single molecule traces. A clear transition in the
blinking dynamics from a mostly on state in low dielectric constant media to long-lived off states
when embedded in high dielectric constant substrates is discernible. The favourable solvation
of the host-trapped electron in PVA and PVP reduces the back-tunnelling rate of the charged
non-emissive QD.
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The blinking statistics were generated using a bespoke macro, where the data were plotted

and the truncated power-law was fitted to the data using the Levenberg–Marquardt al-

gorithm to calculate the αon/off values and the characteristic cut-off time. The truncated

power-law takes the form

P (t) = At−αe−t/τc (4.38)

where P (t) is the probability of an event of duration t, the gradient is represented by α

and the characteristic cut-off time is given by τc. Experimental power-laws, which were

extracted from single molecule traces, are shown by Figure 4.11.
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Figure 4.11: Influence of the dielectric constant of the host substrate on the blinking dynamics
of single QDs (Lumidot 590). a) Experimental truncated power-law behaviour of the on-times for
30 individual QDs in each media, where the host substrates are given as PVA (εm = 14)(black),
PVP (εm = 4.8) (red), SiOx (εm = 3.8)(green), PS (εm = 2.53) (blue) and pT (εm = 2.12)
(cyan). The curves have been offset for clarity according to the multiplier inset. The colour-coded
normalised histograms convey the gradient distributions for the on- (αon) and off- (αoff) times.
g) Truncated power-law statistics of the off-times which demonstrate an increasing gradient with
a lowering of the host dielectric constant. This manifests as many long-lived off periods in high
dielectric media. This may be interpreted as the slow back-tunnelling of the host-trapped electron
in high dielectric media to render the QD neutral and emissive.

Briefly, the macro proceeded by selecting bright QDs and storing their positions in the

image. A threshold was set to distinguish on- and off-states of the QD which was 2σ above

the background, where σ denotes the standard deviation. Each QD was selected in turn

and a timer initiated for the on-time. The timer continued to run until the fluorescence

intensity dropped below the threshold at which point an off-timer would initiate and the

on-timer would cease. The on- and off-times were organised into a frequency table. To
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account for the sparsity of long on and off events the method of Nesbitt et al. was adopted

and is shown by105

P (t) =
2Ni

[(τi+1 − τi) + (τi − τi−1)]
(4.39)

where Ni is the number of events that persist for time τi, the duration of the next longest

event is given as τi+1 and the duration of the next shortest event is given as τi−1.

Modification of the electron trap depth in the host substrate and the hole trap depth

on the QD surface was achieved by changing the dielectric constant of the surrounding

matrix. It was found that PVA exhibited smaller αoff values (αoff = 1.45±0.08) than

lower dielectric constant materials, which gradually increased up to (αoff = 1.75±0.08) for
p-terphenyl, which is in excellent agreement with previous reports on the subject.48 To

appreciate the effect of altering the host, consider Figures 4.11 and 4.10. The small αoff
values calculated for PVA indicates that long-lived off events are more probable than when

QDs are illuminated in a low dielectric constant matrix. This is observed experimentally

in the single molecule profiles and histograms of Figure 4.10. Less transparent are the

reasons for this dependency. This was the source of inspiration for the development of the

CTST model. A complete guide of the fitting values extracted from both experimental

and simulated data is given by Tables 4.2 and 4.3.

Experimental exponents and cut-off times
Host εm αon τc(on) αoff τc(off)
pT 2.12 1.46 ±0.16 3.29 1.75 ±0.08 89 ±23
PS 2.53 1.44 ±0.13 2.74 1.71 ±0.07 98 ±28
SiOx 3.8 1.40 ±0.14 2.38 1.60 ±0.05 99 ±34
PVP 4.8 1.39 ±0.10 1.96 1.57 ±0.07 106 ±30
PVA 14 1.17 ±0.15 1.46 1.45 ±0.08 79 ±36

Table 4.2: Extracted experimental values from fitting the truncated power-law to the probability
density distributions presented by Figure 4.11. The values represent the average extracted values
of at least 30 QDs embedded in each host. The error values give the standard deviation of the
data.

Impressively, CTST simulations shown by Figure 4.12 reproduce the blinking statistics

over all substrates analysed almost quantitatively. To remain instructive, recall that from

the simple Born solvation arguments the electron will trap more deeply in a high dielectric

constant matrix. This will reduce the mean potential energy to escape the QD V +
ion relative

to a low dielectric constant host. The relative lowering of V +
ion propagates through to the

WKB approximation, resulting in an increase of the ionisation rate constant, k+
i , which

controls the formation of the non-emissive core charged X+
10 state and emissive surface-

charged state X+
01.



124 SECTION: 4.4

1 0 0
2 0 0

 

a

1 0 0
2 0 0

 

 
b

1 0 0
2 0 0

 

 

c

1 0 0
2 0 0

 

 M
ea

n i
nte

ns
ity

d

5 0 1 0 0 1 5 0 2 0 0

1 0 0
2 0 0

 T i m e  ( s )

 

e

 

 

 
 

 
 

0
1
2
3

 

 

f

 

 

g

 
0
1
2
3

0
1
2
3

 lo
g P

(t)

 

 

 

0
1
2
3

 

  

 

- 0 . 8 0 . 0 0 . 8
0
1
2
3

 l o g  [ t o n ( s ) ]

 

0 1

 

 l o g  [ t o f f ( s ) ]

 

 

 

 

 
 

 
 

 
 

 
 

Figure 4.12: CTST simulations of the blinking statistics and their dependence on the dielectric
constant of the substrate host. Simulated single molecule trajectories of a) pT (cyan), b) PS (blue),
c) SiOx (green), d) PVP (red) and e) PVA (black). Aggregated truncated power-law simulations
for the on-times (blue) and the off-times (red). The on state dominates the trajectories where
the QDs are encased in low dielectric constant polymers (top). This primarily results from the
shallow matrix traps and, consequently, the ionised QD more readily returns to the neutral emissive
state. The observed decrease in the truncation time for the on-times with the increasing dielectric
constant of the host (top−bottom) emerges from a biexciton mechanism which is reliant on the
presence of a surface charge.

The mean potential energy barrier for recovery of the host trapped electron to the charged

core state, V −off, increases with increasing dielectric constant of the matrix. The effect of this

is to lower the recovery rate constant k−i , which produces long-lived off events in the single

molecule traces of QDs in PVA and PVP, where the opposite is true for p-terphenyl and

PS. As a final note, the probability of forming the core-charged state is simply determined

by considering the ratio of surface-hole and core-hole traps, where the spherical cluster

approximation was employed to produce ρ = 4N−1/3 where N is the number of atoms in

the cluster (N ≈ 8000).

Simulated exponents and cut-off times
Host εm αon τc(on) αoff τc(off)
pT 2.12 1.43 ±0.08 3.4 1.79 ±0.08 58
PS 2.53 1.44 ±0.16 3.1 1.76 ±0.06 58
SiOx 3.8 1.31 ±0.09 2.7 1.61 ±0.05 58
PVP 4.8 1.24 ±0.14 2.3 1.55 ±0.04 57
PVA 14 1.00 ±0.14 1.3 1.32 ±0.05 45

Table 4.3: Extracted simulated values from fitting the truncated power-law to the probability
density distributions presented by Figure 4.12. The values represent the average extracted values
of at least 10 simulations for each host. The error values give the standard deviation of the data.
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Attention is now turned to the effect that the dielectric constant of the nano-composite

environment has on the hole dynamics. The cut-off mechanism in the on-times is described

by the formation of a surface-charged biexciton that relaxes via a hot-electron capture

process to produce the non-radiative core-charged state and is schematised by Figure 4.13.

The rate of formation of the biexciton is given by Equation 4.40.

kxx ≈
k2x
2kr

(4.40)

Now consider how the probability of recombination of the hot-electron with either the

surface-hole or core exciton-hole will scale with QD size. If one assumes recombination

is largely dependent on the locality of the hot-electron, surface-hole and core exciton-hole

then recombination probabilities will scale with the volume of the surface-hole to core

volume ratio

4
3πr

3
h

4
3π(Rc)3

=

(
rh
Rc

)3

(4.41)

where rh and Rc represent the surface-hole and core radii respectively. Ultimately, the

approximate cut-off rate is described by Γon = (k2x/2kr)(rh/Rc)3.

a b c

XX X X
01 1001
+ + +*

Figure 4.13: Illustration of biexciton formation and the quenching of fluorescence. a) QD un-
dergoes formation of the biexciton surface-charged state (XX+

01). The spatial wavefunctions of the
surface-hole (red curve) and core excited state electrons (blue curve) are highly localised. b) Rapid
Auger quenching promotes the formation of a hot-electron in the CB with an associated dispersed
spatial wavefunction that overlaps with the surface localised hole. c) The surface neutralised hole
returns to the QD core completing the formation of the non-emissive core-charged state (X+

10).

In order to account for the observed dielectric dependence on the cut-off time a local

field factor F = 3εs/(2εs + εQD) is introduced, where εs is the nano-composite effective

dielectric constant as presented in Equation 4.11 and εQD is the dielectric constant of

the QD described by Equation 4.31. Essentially, the local field factor is the product of

how the external electric field influences the local field of the cavity. It follows that an

applied external field will induce a depolarising field of the dielectric media and leads to

surface polarisation of the cavity.333,334 After accounting for these effects the expression
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for biexciton formation is formulated as

Γon = (k2
x/2kr)(rh/Rc)3|F |2 (4.42)

where an increase of the dielectric constant of the nano-composite results in an increase

in the cut-off rate, Γon, and the observation of truncation at shorter times in the PDDs.

This concludes the origin of the truncation time within the CTST model.

As a critical test of the biexciton quenching mechanism, PDDs of the blinking were con-

structed at three different excitation powers: 175 W cm−2, 145 W cm−2 and 80 W cm−2.

The substrate, SiOx, was used during all power dependence measurements to negate any

dielectric effects. The laser was operated at a constant 473 nm wavelength and the QDs

were all of the same diameter and shell thickness. The data for this study are presented

in Figure 4.14.
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Figure 4.14: Blinking statistics of single CdSe QDs under experimentally different power regimes.
a) Truncated power-law plot of the on-times using excitation powers of 175 W cm−2 (green), 145
W cm−2 (red) and 80 W cm−2 (black). The inset displays the on truncation cut-off time/power
relationship. As the excitation intensity is increased it is observed that the exponential truncation
cut-off for the on-times becomes progressively shorter. The origin of the exponential cut-off in the
on-times and its relationship to laser power is accounted for by the rate of formation of the biex-
citon, which relaxes non-radiatively through a hot-electron mechanism. The matching normalised
histograms of the αon values are illustrated for b) high power, c) mid power and d) low power.
The characteristic cut-off times were extracted for each QD in each power regime and the results
presented as a histogram for e) high power, f) mid power and g) low power. Lastly, h) gives the
blinking PDDs of the off-times.

It would be expected from Equation 4.42 that the cut-off rate should increase as k2x,

where the excitation rate is dependent on the laser intensity. The results of this study are
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presented in Figure 4.14 and offer support to the biexciton formation mechanism where

a quadratic dependence on the cut-off rate was determined. Generally, the formation of

multiple excitons is rare, and a more thorough treatment by Nesbitt et al.105 has shown

that the probability of generating a biexciton per laser pulse is low (< 1%). However,

at blinking rates of (103 − 10−3 s−1), typical of QDs, the generation of multiple excitons

becomes non-negligible, where biexcitons are typically created on a 10 µs timescale at

50 W cm−2.

4.5 Tailoring tunnelling barriers

Tailor-made CdSe.CdS and CdSe.ZnS core-shell QDs were used to validate if the CTST

scheme could be generalised to account for alterations to the tunnelling distance of the

electron and hole. The single molecule measurements on core-shell systems analysed here

were performed on an SiOx substrate at a power of 100 W cm−2 after accounting for

near-field enhancement. It has been demonstrated in former studies that the addition of

large band offset shells reduces the dark-state duration and, in the extreme case of giant

CdSe.CdS QDs, suppresses blinking entirely. Acquired experimental traces of single QDs

coated with different shell depths is given by Figure 4.15.
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Figure 4.15: Experimentally gathered single QD profiles. a) Bare CdSe QDs (blue), b) CdSe.CdS
0.9 ML (green), c) CdSe.CdS 2.1 ML (red) and d) CdSe.CdS 3.5 ML (black). The corresponding
colour-coded histograms (right) highlight the dramatic shift in the intensity distributions. Altera-
tion of the tunnelling length in the WKB expression leads to a reduction of the electron ionisation
rate to the charged off-state and charged on-state as the shell thickness increases. Moreover, since
the core radius is essentially fixed while the QD surface area increases, the probability of forming
the charged surface state increases with shell thickness.
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Interestingly, in experiments reported here, single molecule traces of thick-shell QDs were

punctuated by many short off events. This appeared regularly and is typified by the

decrease of the cut-off time in the on-times of thick-shell QDs. In the spirit of former argu-

ments, the decrease of the cut-off time is suggestive of an increase in the generation of the

biexciton in these materials. As shown previously, biexciton formation is strongly depend-

ent on the excitation rate, which is itself a product of the absorption cross-section. Optical

absorption measurements conducted in Section 3.1 led to the conclusion that leakage of the

exciton wavefunction occurred. This motivated the introduction of an effective radius into

the model to account for the observed truncation times. Remarkably, CTST simulations

were observed to be in excellent accord with experimental PDDs for the CdSe.CdS system.

It was hoped that similar agreement would be observed for CdSe.ZnS QDs. However, in

initial simulations, this proved problematic due to the exciton-hole trapping at the surface

with slow return rates, which rapidly forced the QD into an extremely low-intensity grey

state.

The poor agreement of simulated and experimental PDDs for CdSe.ZnS prompted further

investigation. The use of HR-TEM among other material characterisation tools revealed

the poor shell integrity of the ZnS, presumably from the poor lattice mismatch of the

core and shell materials. The inhomogeneity of the shell hinted at the possibility of a

distribution of tunnelling lengths for a single QD and, for simplicity, an effective shell was

used to approximate an average tunnelling distance by using the ideal CdSe.CdS QD as a

benchmark to estimate the complete shell of ZnS about the CdSe core.

To progress arguments for the implementation of an effective exciton radius return to the

discussion developed in Figure 3.9. It was proved to be important to distinguish between an

inorganic core-shell radius, Rs, as calculated by SILAR considerations, the exciton radius,

Rx, as determined through the quadratic relation in Equation 3.8, an effective shell radius,

Rs(eff), formulated by constructing a calibration curve and using the ideal CdSe.CdS QDs

as a benchmark to evaluate the effective shell radii of CdSe.ZnS QDs and an effective

exciton radius, Rx(eff), which was calculated by employing the quadratic in Equation 3.8

and using the effective shell approximation to calculate the effective exciton radius at an

effective shell thickness. In general, the effect of introducing an effective exciton radius

highlights that the uncorrected exciton radius at 8 MLs is, in fact, the same as the corrected

effective exciton radius at about 3 MLs from the calibration curves of Figure 3.9.

The use of an effective exciton radius has special significance with regard to the evolution

of the CTST model. If the effective exciton radius is neglected the tunnelling length to the

surface grows rapidly with shell ML, resulting in long residence times of the exciton-hole

trapped at the surface. This drives the QD into the deeply modulated grey state for long

periods for thick MLs, which is not observed experimentally. Moreover, trapping of the
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exciton-hole at the surface reduces the core-exciton population greatly reducing the rate of

biexciton formation in thick-shell systems. This is not in agreement with experimental data

where it is observed that the truncation time cut-off is shorter for thick-shell QDs. This is

remedied by the introduction of an effective exciton radius which scales more rapidly with

shell ML and the tunnelling distance to the surface is reduced relative to the non-corrected

model.

Consider Figure 4.8, focussing on how the growth of an epitaxial shell around the CdSe core

increases the tunnelling length of the electron into the matrix. In the extreme limit of gQDs

the ionisation rate constant, ki, is hugely attenuated and, consequently, the excitons are

confined to the QD interior. In the thin to moderate shell thickness examples studied here,

ionisation to either the non-emissive, charged-core state (X+
10) or the emissive, charged-

surface state (X+
01) is dictated by the surface area to core volume fraction. Evidently,

for thick-shell QDs with a fixed inorganic core radius, the probability of generating the

surface-charged emissive state will scale with shell thickness. Evidence of this is illustrated

by Figure 4.16.
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Figure 4.16: PDDs of the blinking statistics of CdSe.CdS QDs of various shell depths. a)
Experimental PDDs of the on-times for CdSe cores (blue), CdSe.CdS 0.9 ML (green), CdSe.CdS
2.1 ML (red) and CdSe.CdS 3.5 ML (black). b) Colour-coded PDDs of the experimental off-times.
c) Histograms of the alpha values extracted for the experimental on-times. d) Histograms of the
alpha values determined for the experimental off-times. e) CTST simulations of the on-time PDDs
for the matched experimental shell thicknesses. f) CTST simulations of the off-time truncated
power-law distributions. As shell ML increases a shift toward less steep αon values is observed
whilst αoff becomes steeper. The shorter cut-off in the on-times is due to increased excitation
cross-sections and greater biexciton formation probability.
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Gradient values of the PDDs show that as shell thickness is increased the on/off blinking

tends toward a mostly bright-state. This is indicated in the single molecule trace histograms

and by the decreasing αon and increasing αoff gradients of the truncated power-law. To

explain this trend recall that QD ionisation relies upon a capture cross-section term which

describes traps distributed throughout the matrix, where the density of traps scales as

4πR2
0. The capture cross-section for ionisation is fixed for all shell thicknesses. The electron

recovery is similarly dependent on a capture cross-section, which is related now to the

effective exciton radius and explains the abundant source of on-times for QDs coated with

a greater number of MLs. Explicitly, thick-shelled specimens in the dark core-charged state

recover the external electron more efficiently than thin shell QDs owing to the increased

capture cross-section. The return rates to the bright surface-charged state remain largely

unchanged between high and low ML shells since the capture cross-section is assumed to

be the area of the excess-hole of radius, rh, trapped on the surface. The global effect

on the PDDs from biexciton and capture cross-section considerations is the development

of shallow αon and steep αoff values accompanied by short cut-off times in the on-times

for CdSe encapsulated by thick CdS shells. Tables 4.4 and 4.5 give the experimental

and simulated values extracted from fitting the truncated power-law to CdSe.CdS QDs of

different shell depths.

Experimental exponents and cut-off times
ML D (nm) αon αoff τc(on)
0 3.4 1.6±0.18 1.6±0.14 4.9
0.9 4.1 1.4 ±0.11 1.7±0.14 3.0
2.1 4.9 1.3 ±0.14 1.8±0.14 2.8
3.5 5.9 1.0 ±0.14 1.8 ±0.23 1.9

Table 4.4: Extracted experimental values of different shell depths from fitting the truncated
power-law to the probability density distributions presented by Figure 4.16. The values represent
the average extracted values of at least 30 QDs for each shell depth.

Simulated exponents and cut-off times
ML D (nm) αon αoff τc(on)
0 3.4 1.7 ±0.16 1.7 ±0.17 9.0
0.9 4.1 1.5 ±0.14 1.8±0.18 3.6
2.1 4.9 1.2 ±0.14 1.8 ±0.17 2.4
3.5 5.9 0.7 ±0.15 1.7 ±0.17 1.5

Table 4.5: Extracted simulated values of different shell depths from fitting the truncated power-
law to the probability density distributions presented by Figure 4.16. The values represent the
average extracted values of at least 10 simulations for each host.

Former studies have observed weakly emitting grey states but a robust and complete de-

scription explaining the photophysics of these states has not been forthcoming. The grey

states appear as a natural consequence of the exciton-hole sampling the QD surface in the

CTST model. To explore grey state modulation with shell depth examine Figure 4.17.
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Figure 4.17: Collection of single molecule intensity traces for a series of shell thicknesses high-
lighting fluorescence intensity attenuation. The raw trajectory traces (black) of a) CdSe cores, b)
CdSe.CdS 0.9 MLs, c) CdSe.CdS 2.1 MLs and d) CdSe.CdS 3.5 MLs. The coloured line overlays
were generated using a change point analysis (CPA) algorithm to distinguish between the back-
ground, grey states and bright-states. The traces are accompanied by their colour-coded intensity
histograms (centre). As the shell thickness was increased there was an observed loss of intensity in
the grey state. The CTST model predicts such modulation of the grey state occurs from a change
in the equilibrium of the surface exciton-hole returning to the core. The exciton-hole sampling
the surface is described by the equilibrium constant k+h/k

−
h ∝ exp(φ2hφ

−1/2
VB d) where increasing

d causes a shift of the equilibrium toward the surface exciton-hole. i) At fast integration times
(25 ms), transient photoluminescence bursts are observed and may be attributed to the short-lived
native-state which rapidly undergoes photo-ionisation.

The growth of thick-shell QDs show evidence of a shell ML stepwise modulation of the grey

state. To interpret this effect, study the following tunnelling equations of the exciton-hole

k±h ∝ exp(−d
√
φVB ∓ qφ2h) (4.43)

where the charging energy is given by φ2h = e2/εsRc and accounts for the Coulomb

repulsion experienced between holes within a QD of radius Rc, where εs is the dielectric

constant of the nano-composite at the shell-matrix interface and q is the excess charge

on the QD.335 It follows that the potential energy barrier for hole tunnelling from the

charged QD is lowered by −φ2h whilst the barrier for hole return to the QD is increased

by +φ2h. This is explored in detail in Appendix D.18. The resulting equilibrium constant

approximates to

k+

h/k
−
h ∝ exp(φ2hφ

−1/2

VB d) (4.44)
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where growth of the shell biases the exciton-hole equilibrium toward the surface and reduces

radiative recombination efficiency. As expected, the traces of Figure 4.17 show a greater

modulation of the grey state intensity with increased shell thickness.

At faster integration times it was observed that a small population of QDs show evidence

of an emissive state that is more intense than the more usual surface-charged on events.

Recently, reports of a negative trion have surfaced to explain the observation of transient

bursts of bright fluorescence from a single crystal. Mechanistically, surface trapping of an

excess electron confines the exciton electron wavefunction to the core increasing radiative

recombination.336 Whilst this interpretation does offer an interesting possibility of trion

formation through hole tunnelling and electron trapping at the QD surface, it fails to

address why a hole of relatively large effective mass should be more likely to undergo

tunnelling compared to an electron. The CTST theory suggests the transient on-state

illustrated by Figure 4.17i is, in fact, the short-lived, neutral emissive state X00 which

rapidly undergoes ionisation to form the charged on state. At longer camera exposure

times (80 ms), typically employed in this thesis, the short-lived native-state is not resolved.

Recently, the CTST model was used to simulate the transient photoluminescent bursts

with correlated QD net-charge, where the native-state (X00) had a net-charge of q < 1,

the charged, on state (X+
01) had a net-charge of qs = 1 and the charged, dark-state (X+

10)

had a net-charge of qc = 1 over the observable integration time.1

4.6 Adjusting aspect ratios

A series of the CdSe NRs were custom synthesised in an effort to test the CTST model

in 1D and remove the high symmetry associated with spherical QDs. Notably, it has

been reported that both the on- and off-times of the PDDs show evidence of a clear

transition to exponential behaviour at long times.169,337 Construction of the PDDs for

different aspect ratio NRs, as shown by Figure 4.18, show a clear shortening of the cut-

off time in the on-times for high aspect ratio NRs, which is likely to limit the usefulness

of these nanomaterials in display applications, where high QYs are desirable. Previous

discussions on the origin of the cut-off points toward an increase in the biexciton rate.

To understand this result, measurements of the molar absorption coefficient by Banin and

co-workers are drawn upon.247 It was discovered that the absorption coefficient increased

linearly with rod length at 350 nm, where the CB approximates to the bulk DoS. This

relation will likely extend to the work performed here, where NRs were excited with a

473 nm laser line (2.6 eV), far in excess of the CdSe band gap (1.74 eV). Obviously, the

increased molar absorption coefficient will enlarge the excitation cross-section of NRs with

increasing aspect ratio and thus the rate of biexciton formation will also increase. The
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validity of the truncation mechanism through biexciton formation would appear valid for

describing NRs in this instance.

It would appear that trends in the cut-off time of the on-times with wavelength observed

for QDs are shared by NRs. The blinking statistics of 4×20 nm CdSe rods have been

previously collected, where it was demonstrated that the on-time cut-off reduced with

decreasing excitation wavelength.169Observations such as these reinforce the mechanism

of biexciton formation. Typically, CdSe QDs and NRs absorb radiation strongly at short

wavelengths (≈ 400 nm) compared with excitation at lower frequencies. Ultimately, short

wavelength illumination elevates both the excitation rate and the probability of generating

the biexciton.
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Figure 4.18: Systematic study on the effect of altering the NR aspect ratio and the implications to
fluorescence intermittency. a) Typical single molecule trace of a CdSe NR of dimensions 5.6×21 nm.
b) Molar absorption coefficient/NR length relationship reproduced from Banin and co-workers.247
c) Collection of on-time truncated power-law data for wz-CdSe QDs (black), 5.8×12 nm NRs
(red), 5.6×21 nm NRs (green) and 5.7×35 nm NRs (blue). As the aspect ratio increased the
exponential truncation cut-off time in the on-times appear to decrease. The linear increase in the
absorption cross-section with NR length induces a greater biexciton probability and hence reduces
the characteristic cut-off time. The relevant off-time statistics are presented in d) and are colour
matched to the on-times. The exponential truncation time for the off-distributions was acquired
for each NR and is summarised as histograms where e) 5.7×35 nm NRs, f) 5.6×21 nm NRs, g)
5.8×12 nm NRs and h) wz-CdSe QDs.

Explanation of the exponential cut-off in the off-times is less clear. Experimental data

exhibit a decrease in the cut-off time of the off-times as the aspect ratio of the NR is

increased. It may then be expected that the origin of the cut-off must be an excitonic
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effect by way of the increased absorption cross-section. To theorise a conceivable process

to explain this cut-off it is speculated that the highly curved surface of CdSe dots reduce

steric hindrance between bulky surface TOPO ligands, relative to the passivation of surface

defects along the c-axis of CdSe NRs, as suggested elsewhere.299,337 The incomplete passiv-

ation will lead to the development of a greater density of surface-trap states. Secondly, the

weak confinement potential, as demonstrated by STM and UV-Vis measurements,300 re-

duces the exciton tunnelling barrier for tunnelling to the NR surface. One possible scheme

that accounts for the exponential cut-off of the off-time is outlined by Figure 4.19. The

NR initially occupies the dark charged core state (X+
10) where it is assumed rapid Auger

recombination of the positive trion produces a hot-hole in the VB.111 The hot-hole is not

as strongly confined in the NR as in the spherical QD example and there exists a finite

probability of tunnelling to one of the abundant surface-trap states. This renders the QD

once again emissive.

X10
+

X10
+ * X01

+ X10
+ *

a b c d

Figure 4.19: Possible explanation of the evolution of the cut-off time of the off times of CdSe
NRs. a) The NR initially resides in the charged-core off state where PL is quenched by highly
efficient Auger processes. b) Non-radiative recombination of an exciton electron/hole pair generates
a hot-hole deep in the VB. The hot-hole wavefunction is poorly localised by the weak confinement
potential and there exists a considerable probability the hot-hole wavefunction will extend beyond
the NR interior. c) The hot-hole traps at one of the plentiful surface-trap states (yellow) rendering
the QD once again emissive. d) Hot-hole analogue of a CdSe QD. Here the confinement potential
is strong and the number of surface-trap states reduced. The fate of the hot-hole is relaxation to
the VB edge.

Since the excitation rate is slow compared to Auger recombination it would be expected

that increasing the excitation rate will amplify the probability per second of a hot-hole

tunnelling to the NR surface. In this framework it is then assumed the truncation rate

will increase with excitation rate up until kx approaches knr. Experimentally, this high

excitation limit would be challenging to study due to rapid degradation of the NRs. A gen-

eral conclusion can be made that increasing excitation intensity, decreasing the excitation

wavelength or increasing the excitation cross-section of the material under investigation

is predicted to reduce the cut-off time where trends presented in this section support the

notion of a hot-hole tunnelling to the surface with increased probability as a function of

absorption cross-section. Wavelength dependency studies are, however, in apparent con-

tradiction with this model.169 To explain this examine Figure 4.20.
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It was demonstrated that higher energy excitation wavelengths produce longer off-time

cut-offs and are a prerequisite for trapping of a charge within the matrix. To address

this paradox it is supposed that the dark-state must be independent of the matrix when

excited with near band gap frequencies and is the subject of Figure 4.20. One possible

explanation to account for this independence is charge trapping of the electron at the NR

surface where the trap depth is largely dependent on the nature of the NR surface. Further

excitation of the dark charged-core leads to Auger relaxation and the generation of a hot-

hole. The hot-hole has a non-zero wavefunction amplitude at the surface of the NR and

it is predicted that the hot-hole spatial wavefunction should be skewed toward the surface

by the trapped electron.327 In the final step the hot-hole envelops the surface electron

producing the native (X00) emissive state. Crucially, short wavelength excitation leads

to ionisation of the electron into the matrix. The host-trapped electron does not exert

a strong Coulomb attractive force upon the hot-hole and the hot-hole relaxes through

phonon vibrational modes to the VB edge with a greater probability compared with the

hot-hole trapping at the surface. Qualitatively, this vignette offers a new insight into the

photodynamics responsible for the truncation times of CdSe NRs.

X10
+

X10
+ *

X01
+

a b

X10
+

X10
+ *

X00

c d

e
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g

h

Figure 4.20: Conceivable explanation of the wavelength dependence on the cut-off times of the
off-times in NRs. a) Short wavelength excitation forms the dark, core-charged state with the
ionised electron in the matrix. b) Rapid non-radiative recombination generates a hot-hole that
may relax to the VB edge to continue the dark-state path e) or trap on the surface, route f),
producing the charged on state. c) Long wavelength irradiation promotes the formation of the
dark, core-charged state with the ionised electron captured by a surface trap. d) Auger relaxation
induces hot-hole formation, where the hot-hole spatial wavefunction is distorted toward the surface
trapped electron. The hot-hole may relax to the VB band edge through mechanism g) or engulf
the surface-trapped electron to generate the native on state as shown by pathway h).
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As a final remark on the blinking dynamics of CdSe NRs, it is worth mentioning a few

key differences between NRs and QDs which are likely to influence the blinking behaviour.

The electron recovery from the host substrate was assumed in the original CTST model to

be dependent upon the capture cross-section of the QD. The loss of spherical symmetry in

the case of NRs will likely play a major role for the determination of the electron recovery

rates and may reveal information on a preferential tunnelling axis from the NR. It is easy

to envisage an elliptical capture cross-section for tunnelling to the side of the NR whilst a

circular cross-section may best describe tunnelling to the ends of the cylinder. Secondly, it

may be important to consider an effective radius akin to the studies performed on core-shell

systems mentioned earlier. The weak confinement potential may play an important role

when calculating excitation rates. An effort to include these adaptations into the CTST

model is currently underway.

4.6.1 Quantum confined Stark effect

Former demonstrations have shown charge injection into QDs has a profound impact on

the emission properties. An anodic bias and subsequent positive charge injection into a QD

thin film indicated non-recoverable fluorescence quenching whilst negative charge injection

unveiled recoverable fluorescence quenching under dry nitrogen.338 It was hypothesised

that hole injection would oxidise selenium in the QD core to elemental selenium with an

associated reduction of the emission wavelength. Investigations by the Bawendi lab have

made significant contributions to this area and report similar findings to Mulvaney.338

Interestingly, investigations by the Mulvaney group uncovered that the application of a

negative bias over the sample either quenched or enhanced the fluorescence and was heav-

ily influenced by the environment (dry N2 (quench) or air (enhance)). To provide an

explanation for this curious oddity it has been suggested the injection of an electron into

the LUMO 1Se level relaxes into a QD surface state. Further excitation of the QD leads

to rapid quenching of the fluorescence due to the large capture cross-section of the surface

electron presented to the exciton-hole.338 It was hoped, based on the above observations,

that expected charging of the QD from photo-ionisation would be sufficient to introduce

perturbations in the emitted wavelength of a single QD. The raw spectra and possible

model to explain the origin of the QCSE are explored by Figures 4.21 and 4.22.

In order to investigate this, a diffraction grating was employed to disperse single NC fluores-

cence for the detection of fluctuations in the emission wavelength using moderate excitation

powers to ensure minimisation of rapid photobleaching effects. A single CdSe.CdS QD was

tracked over 180 s, which gradually photo-oxidised as indicated by the slow change in the

emission wavelength. Areas of the trajectory displayed an intensity/wavelength correla-

tion. High-intensity fluorescence appeared to correspond with a shift to longer emission

wavelengths (∆λ ≈ 5 nm) compared with lower intensity levels.
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Figure 4.21: Single molecule fluorescence dispersion experiment. a) Dispersed fluorescence of
a single CdSe.CdS QD. The fluorescence intensity as a function of time (lower panel), emission
projections of the first order diffraction ellipse onto the CCD (centre panel), evolution of the
QD emission wavelength across the temporal range (upper panel). The region encompassed by
the red circle is magnified in b) and serves to illustrate an apparent correlation between the
emission intensity and wavelength produced. The inset shows how the instrument was calibrated
by measuring the position of the first order diffraction spot using four different laser lines (405, 473,
488 and 561 nm). Images c) and d) are surface plots of the dispersed photoluminescence ellipsoid
at the times marked by the coloured asterisk.

One possible explanation, presented in terms of the CTST description, is shown by Figure

4.22. Intensity is modulated through the sampling of the surface by the exciton core-hole.

The lower intensity state will represent a shift in the equilibrium toward the surface where

it is theorised the exciton core-hole is repelled by the Coulomb force of a nearby excess-

hole toward the non-emissive X+h
01 state. The proximity of the excess-hole to the core

will skew the core-exciton wavefunctions which will; i) reduce the core electron and hole

wavefunction overlap reducing radiative recombination efficiency, ii) partially screen the

Coulomb attraction term of the Brus equation and iii) increase the average core exciton

separation distance, thus reducing the Coulomb attraction term of the Brus equation.

Consequently, this will give rise to higher frequency emission in the lower intensity areas.

The injection of holes into the system has been shown to produce blueshifting in the PL

of single QDs, which supports claims of the excess charge inducing spectral fluctuations.

It is also supposed that the excess-hole trapped at intermediate interstitials will not be

influenced by the host substrate. This line of inquiry was pursued by Mulvaney, where it

was shown that manipulation of the dielectric constant of the substrate had no effect on

the net spectral diffusion.339
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Figure 4.22: Interpretation of the spectral jitter in single QD fluorescence formulated within
the CTST framework. Fluorescence intensity within the CTST model is modulated through the
core-hole exciton in equilibrium with the surface-hole exciton. The native on state equilibrium
is represented by a) and b), which is relatively bright compared with the ionised emissive states.
Moreover, no excess-hole exists to displace the energy levels. In the case of thick-shell CdSe.CdS
QDs in the ionised state the QD emission will be modulated such that the equilibrium will be
shifted toward the exciton-hole surface state c) by virtue of the Coulomb repulsion between the
excess-hole and exciton-hole. Importantly, the equilibrium shift will translate as a darkening of the
fluorescence intensity over the camera integration time. The close proximity of the excess-hole in
the emissive state d) acts to reduce the Coulomb attraction for radiative recombination, thereby
increasing the emitted photon energy. Simple electrostatic theory would predict the Coulomb
repulsion term between the excess-hole and exciton-hole would be dramatic if the excess-hole
traps at an interstitial f) and not a genuine surface state. g) and h) were reproduced from work
by Bawendi340 on the effects of charge injection and spectral shifting. Under the influence of a
positive electrical bias a blueshift of about 5 nm in the QD emission profile was reported.

4.6.2 Photoluminescent enhancement and decay: Life cycle of the QD

To probe the photoinduced blueing (PIB) effect of single QDs a diffraction grating was

placed in the fluorescence path of the microscope. Thick-shell CdSe.CdS 3.5 ML QDs were

investigated using the 473 nm line while the first order diffraction spot and zeroth order

fluorescence intensity were tracked simultaneously. It was found that a delay period exis-

ted initially in the blueing profile which coincided with minor photodecay. The trajectory

trace underwent loss of intensity following 100 s of exposure with complete photobleaching

after 320 s, as reported by Figure 4.23. Photodegradation appeared correlated with pho-

toblueing where the QD emission wavelength gradually shifted from approximately 620 to

590 nm. Blueshifting of the fluorescence would be expected for a QD that has lost CdSe

units in the core to remain consistent with the Peng and Brus descriptions of quantum

confinement.70,341 The lag-time of the PIB onset is presumed to result from the sacrificial

CdS coating that shields the core. To evaluate the route to decay it was shown that XPS

measurements on CdSe nano-powder stored under argon in Figure 3.21 displayed no evid-

ence of the oxide of selenium. In accordance with former publications, it was established
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that exposure to UV light and an oxygen flow over several hours promoted the destruction

of the CdSe QDs and the formation of SeO2 units.35

Photodecay and PIB are in general detrimental to the use of QDs within a vast number of

applications; however, the usefulness of controlled photobleaching should not be underes-

timated. A CW laser focused to a diffraction-limited spot at a power of > 1 kW cm−2 was

used to print microscale drawings on a ML of CdSe QDs through a custom-coded macro.

In short, the macro translated a motorised microscope stage one diffraction-limited area

at a time as each pixel of an image was scanned. A threshold grey scale count was applied

to each pixel, where a shutter would open or close the excitation laser to the sample. A

demonstration of the capabilities of this simple setup is included in Figure 4.23, where clear

renderings of the original images are produced. One can easily imagine developing more

advanced algorithms whereby the illumination time may be varied to introduce shading to

the image or the introduction of different size QDs to introduce colour. Detailed drawings

at the nanoscale may be important for the development of modern security devices.
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Figure 4.23: Laser assisted ablation of CdSe.CdS QDs and routes to degradation. a) The decay
of emission to shorter wavelengths over the QD lifetime (upper panel), false colour projections of
the first order diffraction emission of the QD (centre panel) and single molecule intensity trace
(lower panel). The wavelength and maximum intensity remain almost static up to about 50 s
followed by photoblueing and decay. b) Survey scan of CdSe nano-powder following exposure to
photo-oxidative conditions. The inset depicts a high-resolution scan of the Se 3d binding energy
with a distinct broad SeO2 peak at 59 eV. The images suggest how the bleaching phenomena may
be exploited to produce micro-imprints where c) gives a drawing of the Batman logo, d) portrait
of Erwin Schrödinger and e) graphic of the University of Sussex logo.

Perhaps more subtle than the PIB and photodegradation effects is the photoluminescence

enhancement commonly reported for single QDs.1,162,168,342 Several examples of the PLE
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phenomena are presented in Figure 4.24 at different excitation intensities with paused

periods of illumination to observe any fluorescence recovery effects.
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Figure 4.24: Measurements of the photoluminescence enhancement and decay of single QDs
under different power regimes. Continuous irradiation of QDs using a) high power regime > 1 kW
cm−2, b) mid power regime 0.65 kW cm−2 and c) low power regime 0.3 kW cm−2. Interrupted
illumination cycles of single QDs under d) high power irradiation > 1 kW cm−2, e) mid power
0.65 kW cm−2 illumination and f) low power 0.3 kW cm−2 excitation. The profiles appeared to
show no apparent recovery of PL following paused periods of excitation and the photoluminescence
enhancement (PLE) appeared to resume immediately post-interruption.

It was concluded that the fluorescence intensity was unchanged following periods of no

illumination, which is suggestive of irreversible photoluminescence enhancement (PLE)

and decay mechanisms. Exceptions to this have been observed by Kimura et al.343 where

it was hinted that QDs may be used as rewritable media. However, no such recovery was

detected in the experiments performed here. Predictably, the evolution of the trajectory

trace was rapid at greater excitation powers, which is expected from the anticipated rate

constants.162 Interestingly, past reports on the fluorescence landscape have shown that

photoluminescence activation of single QDs occurs more rapidly if previously exposed to

low levels of excitation light. This is suggestive of irreversible photochemistry at the QD

surface and supports the lack of fluorescence recovery in Figure 4.24. It is likely that the

mechanism of photoluminescence activation originates from a reduction in shell thickness.

The CTST theory predicts laser induced photochemistry gives rise to PLE via alteration

to the exciton-hole equilibrium between the surface and core, where the core exciton-hole

is favoured with decreasing shell depth. It has previously been shown in Section 4.5 that,

for thick-shell QDs, the exciton-hole equilibrium is shifted toward the surface producing

deeply modulated fluorescence, which may be below the instrument detection limit. The

QD is weakly emissive and appears dark in the case of thick-shells. Degradation of the shell
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through exposure to the laser decreases fluorescence modulation by increasing the core-

state exciton-hole fraction. The conclusion arrived at here is consistent with the conversion

of an immature dark-state to a fully fluorescent state as proposed by Osborne and Lee.162

As a final test for the CTST model, simulations of the PLE and subsequent photobleaching

were carried out. The simulation results are captured by Figure 4.25.
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Figure 4.25: Experimental and simulated photoluminescence enhancement and decay envelopes.
a) Experimental trajectory landscape of a single CdSe.ZnS QD (Evidot 600) on a glass substrate.
The QD was excited using the 473 nm laser line at a power of 0.65 kW cm−2. b) Simulated
intensity envelope produced using an atomistic degradation model incorporated into the CTST
scheme. c) Deconvolution of the intensity envelope into its respective components. Here the
fractional population available for emission is given by fx = fc/(fc + fs) (green), the degradation
of the core-shell volume (red) and degradation of the core volume (blue) induce a shift in the core
exciton-hole/surface exciton-hole equilibrium toward the core state. The unified effect of these
processes is captured by recalling emission is dependent on the core exciton fraction and QD core
volume, where f(t) = fxR3c (black). The net effect is that the core exciton fraction increases up
to 50 s followed by a reduction in the excitation cross-section leading to photodecay.

The wealth of information regarding the pathway to PLE and decay provided by XPS

and single molecule dispersed fluorescence measurements suggest that; i) the shell must

degrade before any substantial photoblueing may be observed ii) the processes responsible

for PLE and photodecay must be irreversible iii) the PLE must correspond to a reduction

in shell thickness and iv) destruction of the core must result in photodecay and blueing.

Early observations by the Osborne lab on PLE found that the total fluorescence intens-

ity did not scale linearly with the population of QDs that were activated. This inspired

development of models to account for the non-linear increase in total fluorescence.168 It

was proposed that modification of the QD structure through photo-oxidation must result
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in greater QYs from individual QDs. Irradiation of the QD initially leads to loss of the

inorganic shell. This is illustrated in Figure 4.25 by the red curve, which represents the

total QD volume. The reduction in the number of shell MLs leads to a change of the

governing exciton-hole equilibrium. Specifically, shell reduction pushes the exciton-hole

equilibrium toward the core, increasing fluorescence intensity. This is highlighted by the

green curve of Figure 4.25 which indicates an increase in the core-exciton state fraction as

the shell degrades. Prolonged illumination of the specimen eventually causes total fluor-

escence quenching. Degradation of the core reduces the excitation cross-section according

to Equation 4.35. In the CTST model, degradation of the core is realised by the removal

of atomic units from the core radius, where the average ionic radius of the units that form

the QD is given by a = 0.13 nm (Zn2++S2−+Cd2++Se2−)/4. The average ionic radius

was used for both core and shell degradation for simplicity. The experimental trajectory

of a single CdSe.ZnS QD capped with approximately 2 MLs undergoes PLE in the first

50 seconds. Assuming a shell volume of 25 nm3 and that a single decay event reduces the

shell volume by 9.2×10−3 nm3, then approximately 2700 shell units must leave the QD in

the first 50 seconds. In one second there are about 105 excitation events, where only 54

of these events must lead to shell oxidation. This allows the formulation of the decay con-

stant as kd = kxΦ where (Φ ≈ 5.4× 10−4) is the ion loss per excitation per QD. Following

depletion of the shell, the QD core begins to photodecay. This is indicated by the blue

curve in Figure 4.25 which remains constant until shell removal. Expulsion of SeO2 units

from the core reduces the excitation cross-section radius by (R3c−2a3)1/3 and the updated

radius is used in subsequent simulation cycles. In this way, the CTST model successfully

accounts for the entire trajectory envelope whilst upholding PIB measurements and XPS

observations.



Chapter 5

A light at the end of the tunnel: CsPbX3

nano-perovskites

5.1 Optical characterisation and emission wavelength

modification through halogen exchange

Recently, great interest has been taken in a new class of fluorescent nanomaterials known

as perovskite QDs.135 Specifically, the focus of this chapter is to demonstrate new and

exciting chemistry regarding the recently reported CsPbX3 perovskites, which at present

are poorly understood in comparison to the more common chalcogenide QDs reported

throughout this thesis. The nano-perovskites reported herein typically adopt a crystal

structure that is analogous to the calcium titanate perovskite mineral, which was named in

homage to the Russian mineralogist Lev Perovski. The fluorescent lead halide perovskites

encountered in the chapter exhibit size tunability akin to CdSe QDs. However, the optical

band gap may be further tuned by exploiting the stoichiometry of the QDs, which shall

be explored shortly. Since their inception, they have been shown to produce superior

QYs344–346 compared to traditional chalcogenide QDs, but suffer from a solvent-induced

crystallographic phase change347,348 that renders the QDs non-fluorescent. This phase

change will be explored in this section through the use of XRD and recent literature

reviews. Naturally, this solvent induced phase change has motivated work in the area of

protective polymer films so that they may find applications within the solar industry.347 In

addition, the extremely high QYs (> 90%) that these materials exhibit has led to advances

in lasing technology, where perovskite QDs have operated as a low threshold gain source.136

Furthermore, single perovskite 1D NRs have been found to operate as both the cavity and

photon source and hold great promise for the future.349 Distinct from previous reports

of NRs, a new class of dendritic perovskite rod is presented in this chapter, which to the

author’s knowledge, has not been identified and reported elsewhere.

Perovskite QDs have a number of properties that are tremendously different to those of

traditional chalcogenide based QDs. Whilst the perovskite QDs reportedly exhibit a size
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quantisation effect, akin to CdSe QDs, it is not the predominant factor that tunes their

emission. A wide colour gamut over the entire visible spectrum may be achieved by simply

varying the halogen stoichiometry where CsPbI3, CsPbBr3 and CsPbCl3 produce red,

green and blue emission wavelengths, respectively. In the work performed here, it was

found that the emission wavelength of CsPbCl3 was in the far ultraviolet region and so a

mixed CsPb(Cl0.5Br0.5)3 perovskite was synthesised. This produced strong emission in the

blue region of the visible spectrum. Their UV-Vis and absorption profiles are presented

in Figure 5.1. However, this is not the entire story; current experiments have shown that

emission wavelengths in this basis set of materials may be dramatically modified post-

synthesis by the addition of halide salts, where Figure 5.2 reports the emission wavelength

shift upon the addition of chloride ions. In the experiments conducted here, the chloride

source was AuCl3 which was prepared identically to the procedure for gold NP growth on

CdSe NRs. Indeed the wavelength shift observed by treating the perovskites with AuCl3,

in this case, was a surprising and intriguing discovering since it was initially expected that

the gold would be deposited on the perovskite QDs in a manner similar to the CdSe NRs.
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Figure 5.1: CsPbX3 perovskite UV-Vis and PL profiles. UV-Vis data of a) CsPb(Cl0.5Br0.5)3,
b) CsPbBr3 and c) CsPbI3 nano-perovskites. Inset are colloidal dispersions of the QDs under UV
radiation. d) Accompanying PL profiles of the perovskites demonstrating a wide colour gamut with
narrow emission profiles. Intermediate wavelengths, not shown here, may be prepared by varying
the reaction time and/or the crystal stoichiometry as reported elsewhere.135

Intuitively, one may imagine that the introduction of different halogen atoms may displace

the current halides of the perovskite QD, inducing a wavelength shift. Initially, this seemed

a satisfactory explanation, whereby the small halogen atoms of AuCl3 could readily diffuse

through the large interplanar spacings of CsPbI3 or CsPbBr3 and displace the larger halo-
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gen atom. In reality, this simple mechanism is not supported by recent evidence, where

it has been shown that the CsPbCl3, which exhibits smaller interplanar spacings, can be

readily modified by iodide salts to emit a deep red frequency.350 A revised mechanism is

clearly required.

Enlightened by STEM-EDX maps150 acquired by the Alivisatos group, which show the

presence of both halogens in the EDX map after exchange, it would appear that a more

adequate explanation is the deposition of halogen atoms over the surface of the perovskite

QD. However, this is again not without dilemma. The XRD of the perovskite QDs is

suggestive of a halogen substitution, as indicated by the plane spacings becoming smaller

when reacted with AuCl3 and larger when treated with iodide salts.150,350 The different

observations of surface and bulk effects may ultimately be resolved in a mechanism where

the introduced halogen deposits on the QD surface and subsequently diffuses into inter-

stitial pockets within the lattice without significant halogen substitution. In the case of

small halogen (Cl) substitution in the larger halide (Br, I) perovskites, it is worth tent-

atively accounting for the observed trend in the rate at which short wavelength emission

develops as shown by Figure 5.2. As previously concluded, the small halogen atom must

modify the internal crystal structure to drive the observed shift in diffraction through the

incorporation of the introduced halogen into the bulk of the QDs.
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Figure 5.2: Time-resolved anion exchange/deposition in CsPbX3 nano-perovskites. As-
synthesised colloidal solutions were treated with an AuCl3 solution and PL spectra recorded
at 15 second increments following injection. a) CsPb(Cl0.5Br0.5)3, b) CsPbBr3 and c) CsPbI3
nano-perovskite PL traces, where the red trace in each profile is the initial wavelength. A short
wavelength peak is observed immediately after injection that grows in intensity. The initial and
final emission wavelengths are labelled λinitial and λfinal respectively. d) The normalised intens-
ity evolution of the short wavelength QDs produced. Here CsPbI3 is red, CsPbBr3 is green and
CsPb(Cl0.5Br0.5)3 is cyan.
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Interestingly, it was found here that, for the CsPbI3 perovskites with a large lattice spa-

cing, growth of the short wavelength fluorescence peak was more rapid than in the case

of CsPbBr3 and CsPb(Cl0.5Br0.5)3 with smaller lattice spacings. The result offers new

support for a diffusive process of halogen atoms into the crystal structure. Intuitively, it

may be expected that the relatively small chloride ions should penetrate the more open

CsPbI3 structure more rapidly than the CsPb(Cl0.5Br0.5)3, which has smaller lattice spa-

cings and hence reduced diffusion of the chloride ions into the structure. In the interests of

completeness, movies of the wavelength modification were recorded of colloidal solutions

in hexane and are presented as an electronic appendix.

To understand the halogen exchange mechanism further, the 207Pb nucleus was probed

using NMR spectroscopy in solution phase (CDCl3). It was anticipated that a comparison

of the 207Pb chemical shift of the exchanged QDs against the 207Pb chemical shift of the

pure as-synthesised QDs and bulk measurements351 should yield information on the degree

of halogen substitution or if any significant halogen substitution occurs. Regrettably, the

low sensitivity of the 207Pb nucleus made a high signal to noise ratio impossible, even after

several hours of acquisition. It may, however, be possible in the future to explore the 207Pb

nucleus in nano-perovskites using solid state NMR methods, as reported elsewhere.352

This was not pursued further in this thesis since the NMR instruments available were not

equipped with a solid state probe.

5.2 3D morphology of CsPbX3 nano-structures and

tomographic reconstruction

The synthesis of nano-perovskites recently reported was reproduced using a variety different

halogens to produce a broad colour spectrum of QDs. In general, the QDs generated

appeared to show a greater degree of polydispersity compared with traditional QDs, as

indicated by the broad size distributions measured in Figure 5.3. This had little impact on

their fluorescent properties which were found not to be dominated by quantum confinement

effects but rather the crystal stoichiometry. It must be stressed that, while the halogen

atom does alter the emission wavelength of the QDs, the quantum confinement effect is

by no means absent in these materials. In situ fluorescence observations, only recently

performed and so not presented here, permit real-time measurement of the QD growth

kinetics, which indicates a weak temporal wavelength dependence. Moreover, the TEM

images provide evidence that the CsPbI3 perovskites require special attention regarding

their underlying crystal structure, where the rounded QD edges observed for the CsPbI3
QDs are different to the sharp, defined edges of the CsPbBr3 and CsPb(Br0.5Cl0.5)3 QDs.353

It has previously been reported the CsPbI3 perovskite undergoes an often undesirable phase
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change from a cubic fluorescent structure to a fluorescently quenched polymorph, where the

rounded facets of CsPbI3 NCs are indicative of the reported non-fluorescent orthorhombic

structure.353 A more complete treatment involving lattice plane assignment of the different

phases will be dealt with in the forthcoming sections.
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Figure 5.3: TEM measurements on as-synthesised perovskite QDs. PSDs of a) CsPbI3, b)
CsPbBr3 and c) CsPb(Br0.5Cl0.5)3 perovskites. The corresponding colour-coded TEM images de-
pict the QD silhouettes. The appearance of rounded facets for CsPbI3 is due to a space group
change which will be investigated in the coming sections. As a comparison, it can be seen that
the CsPbBr3 and CsPb(Br0.5Cl0.5)3 QDs exhibit a cubic shape with no obvious facet rounding.
d) Standard deviation measurements of the QD size distributions. e) FWHM of the size distribu-
tions. Typically, size distributions measured for the perovskites were broader than for their CdSe
counterparts.

The most commonly accepted routes toward controlled synthesis at the nanoscale are

through growth of material from existing seed facets or through choice of coordinating

ligands during NP growth. Inspired by work towards CsPbX3 nanowires (NWs), and

surfactant considerations in colloidal synthesis, a previously unobserved dendritic NW is

reported herein. It was discovered that the addition of small amounts of an ammonium

salt (CTAB) to the standard perovskite protocol produced micron scale CsPbI3 NWs with

an obvious bowtie arrangement of smaller NWs at the terminus. At present, work is

ongoing to ascertain if this is a general growth mechanism or specific to the iodine deriv-

ative. The CTAB was selected as a good candidate for the production of NPs of higher

dimensional complexity since it had been formerly utilised to create CdSe tetrapods with

excellent particle-to-particle uniformity. The micron-sized wires were studied using tra-

ditional TEM imaging and, exploiting new capabilities of the upgraded TEM (JEOL) at

Sussex, through tilt series tomographic reconstruction with a view to understanding the
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3D shape and growth evolution. The analysis of HR-TEM images of the perovskite NWs

in future experiments will grant access to the assignment of the crystal facets and reveal

which faces the CTAB ligand predominantly binds to, where the unbound face will be the

direction of propagation.

Tomographic reconstruction was employed to study the 3D structure of the perovskite

NWs. The most commonly encountered tomographic method is computed tomography,

which is commonly employed by (CT) scanners, where the word tomography is derived

from the Greek words tomos and graphō, which roughly translates as, sections to write.

Importantly, it is a general method whereby information contained in lower spatial dimen-

sions, for example, line profiles or 2D FFT slices, may be combined over a series of angles,

to produce a sinogram or 3D FFT, respectively. The inverse transforms of the sinogram or

3D FFT ultimately generate a 2D image and 3D reconstruction respectively. The various

tomography methods share common limitations; most notably the accuracy of any recon-

struction is limited by the number of collected projections. To highlight this, consider the

basic reconstruction algorithm commonly employed by CT scanners and exemplified by

Figure 5.4.
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Figure 5.4: Application of the Radon transform to the Shepp-Logan phantom, a standard test
image developed for reconstruction algorithms. The original images of the Shepp-Logan phantom
in the spatial domain (left) are operated on by the Radon transform to produce the sinograms
(centre) in Radon space. Essentially, the sinogram is generated from a set of line integrals at
varying angles, θ, about the origin, where the line integrals are taken at a distance, r, from the
origin. The inverse Radon transform produces the original images (right). The top transform was
performed using a total of 18 projections and the lower transform performed using 90 projections.
Evidently, a greater number of projections produces a more accurate rendering of the original
image.

The forward transform is essentially a large number of parallel line integrals taken through

the 2D function, f(x, y), at distance, r, from the central origin to generate the sinogram at a

set of angles, θ, around the origin. The inverse transform creates the original image, where
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the quality of the reconstruction depends greatly on the sampling density. This is best

portrayed by the example given in Figure 5.4, which acts only to emphasise the importance

of collecting data over many angles in order to generate an accurate reconstruction.

In the case of electron tomography, which was employed in this thesis, a set of 2D images

are collected at a number of angles, where the 2D FFTs are compiled to generate a 3D FFT.

The inverse transform operates on the 3D FFT to convert between the frequency domain

and the spatial domain, thus producing the object in real-space. Ultimately, electron

tomography may be used to produce a 3D model of the specimen and was employed here

to generate a 3D rendering of the NWs synthesised in this thesis. The final reconstruction

of a single perovskite nanowire is given by Figure 5.5. The reconstruction offers a sense

of depth to the material, which is unavailable using conventional TEM. Importantly, it

can be confirmed that the needle-like NWs grow outward from the bulk rod in the same

plane, giving rise to a new 1D nanomaterial. A movie of the rotating reconstructed NW is

reported by an electronic appendix.

a b c

d e f

Figure 5.5: Contour view of a tomographic reconstruction of a single CsPbI3 nanowire. a) The
original view of the NW in the (xy) plane, b) original image rotated clockwise 150◦ about the z-axis
c) original image rotated clockwise 180◦ about the z-axis. The matching FFTs of the constructs
are supplied below each image. The images must be interpreted with a degree of caution due to
the introduction of missing wedge artifacts as described in the main text.

Naturally, the quality of the reconstruction will be largely dependent on the number of

collection angles, as exemplified for the simple Radon transform example. The resolution
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of the tomographic reconstruction, in the case of electron tomography, is described by the

Crowther criterion354

m = π
D

κ
(5.1)

where the minimum number of views is m, the particle size/diameter of the volume to be

reconstructed is given by D and κ is the achievable resolution. The tilt series produced in

this work used a single axis tilt holder at 2◦ increments over a ±50◦ range. A total of 50

projections were collected, which leads to a maximum resolution of about 30 nm, assuming

a 500 nm reconstruction volume diameter. In general, tomographic reconstruction proceeds

through back projection algorithms.

A more mathematically rigorous explanation of the direct Fourier method (DFM), which

was employed for image reconstruction of the perovskite NWs using electron tomography,

is given by

P (x) =

∫ ∞
−∞

f(x, y)dy (5.2)

where the function f(x, y) is projected onto the x-axis and P (x) is the projection function.

The Fourier transform of the projected image is given by

f̂(ζ, ε) =

∫ ∞
−∞

∫ ∞
−∞

f(x, y)e−2πi(xζ+yε)dxdy (5.3)

where f̂(ζ, ε) is the image projected onto the x-axis in reciprocal space. Importantly, a

single slice through Fourier space is given by

f̂(ζ, 0) =

∫ ∞
−∞

(∫ ∞
−∞

f(x, y)dy

)
e−2πixζdx (5.4)

where substitution of Equation 5.2 into Equation 5.4 shows the critical relationship for

back projection. The Fourier transform of the 1D projection onto the x-axis is equivalent

to a central slice of the 2D Fourier transform of the function f(x, y). Hence, compiling

projections over a number of angles permits reconstruction of the 2D function of interest.

This may be generalised to higher spatial dimensions, where, for electron tomography, a

series of 2D FFTs are collected over a series of angle to generate the 3D FFT. Importantly,

technological constraints, which limit the maximum tilt to ±70◦ in most cases, result in

missing wedge artifacts in the reconstructed image. Nonetheless, tomography is a powerful

tool to investigate the surface topography of samples and was used to visualise the dendritic

growth of needle-like NWs from the central shaft.
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5.3 Diffraction of CsPbX3 nano-perovskites and unit cell

construction

This section investigates the crystal structure, lattice parameters and the various poly-

morphs of CsPbX3 nano-perovskites. Furthermore, an insight into often detrimental

solvent-induced phase change of the fluorescent QDs to a non-fluorescent phase is explored.

Analysis of the perovskite crystals is somewhat more interesting than the well-characterised

CdSe QDs and gold crystal nanostructures. Initial assignments of the crystal structure of

perovskites have been suggestive of a cubic unit cell that is described by the Pm-3m space

group.355–357 The reflections are peak broadened, akin to CdSe NPs, and the observed re-

flections are consistent with the cubic Bravais lattice, where typical XRD diffraction data

obtained from the various perovskites are presented in Figure 5.6. Recently, it has been

suggested that the assignment of the Pm-3m space group is not correct.358,359
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Figure 5.6: Diffraction data and models of the halogen perovskites. a) XRD of the CsPbI3 mixed
phase QDs, b) reflections of the CsPbBr3 QDs and c) diffraction intensities of the CsPb(Br0.5Cl0.5)3
QDs. The bulk diffraction patterns for the cubic (CsPbBr3) and orthorhombic (CsPbI3) structures
are presented at the top and bottom, respectively. The asterisk in each of the experimental spectra
denote the (200) cubic plane. d) Polyhedral model of the CsPbBr3 structure viewed down the [001]
zone axis (ICSD = 181287). e) Atomic model of the CsPbBr3 unit cells oriented down the [110]
zone axis. f) Unit cell array of the CsPbI3 QDs in an orthorhombic geometry viewing the (010)
face (COD = 4335639).

The use of synchrotron radiation and Rietveld refinement has indicated that the Pnma

space group better represents the perovskite’s true structure at room temperature.358,359

At elevated temperatures all of the perovskite analogues exist exclusively in the cubic

phase, also known as the α-phase. As the QDs cool they undergo a phase transition to
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the orthorhombic Pnma space group.358,359 By way of an example consider the CsPbI3
perovskite. Here, the Pnma orthorhombic phase of CsPbI3, also known as the yellow

phase or δ-phase, presents several new reflections that are absent in the cubic structure.360

It is clear from Figure 5.6 that the CsPbI3 sample in fact shows a superposition of the

cubic fluorescent phase and the non-fluorescent δ-phase.

Density functional theory calculations have shown that the cubic polymorph of CsPbI3 has

an internal energy 17 kJ mol−1 greater than the orthorhombic phase and, consequently,

the iodide derivative is particularly susceptible to decomposition to the thermodynam-

ically more stable yellow phase.135 While the difference in internal energy is reduced to

7 kJ mol−1 for the CsPbBr3 analogue, synchrotron measurements have confirmed CsPbBr3
still undergoes a phase change to the more stable orthorhombic structure.358 The or-

thorhombic structure that CsPbBr3 adopts shares many overlapping diffractions peaks

with the cubic structure, which are typically not resolved using a standard XRD instru-

ment. This has contributed to the incorrect cubic assignment in early literature.355–357 In

contrast, the CsPbI3 δ-phase shows a diffraction pattern that is distinct from the cubic

polymorph. Atomic models of the different phases are illustrated in Figure 5.7. The models

were produced using both the Crystallography Open Database (COD) and the Inorganic

Crystal Structure Database (ICSD). The departure of CsPbI3 from the α-phase to the

more thermodynamically stable δ-phase will have ramifications for the material band gap,

which may contribute toward fluorescence quenching of the CsPbI3 perovskites.

It is now important to differentiate between the orthorhombic phases of CsPbI3 and

CsPbBr3. Recently, experiments have shown that CsPbBr3 undergoes a phase transition

to an orthorhombic Pnma structure at room temperature but is distinct from the Pnma

structure of CsPbI3. This has been denoted as the γ-phase in recent reports and shall

be adopted here.358,359 The γ-phase arises from a distortion about the lead from cubic

symmetry. In respect to diffraction, the small torsional displacement does not signific-

antly alter the reflecting planes or the electronics of the structure and the γ-phase retains

its fluorescent properties unlike the δ-phase of the CsPbI3 QDs. Atomic models of the

various halide perovskite phases are presented in Figure 5.7 with accompanying simulated

diffraction patterns. Here, the CsPbI3 structure adopts long chains of polyhedra and is

significantly different to the cubic lattice as conveyed in the XRD. The implications of

this new phase will have a significant impact on predictions of the band structure due to

alterations of the MOs in the crystal lattice and deviations of the effective exciton masses

from the currently accepted values.

To highlight the shift in interplanar spacing between the different halide perovskites, con-

sider Figure 5.7. The asterisk denotes the position of the (200) plane in each diffractogram.

It can be shown through the Bragg relation that the interplanar spacing increases from
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CsPbCl3 to CsPbBr3 to CsPbI3, as indicated by the smaller diffraction angle for the lar-

ger halogen atom QDs. This adds some support to the halogen diffusion/exchange model

presented earlier in the chapter, where it was shown halogen exchange occurs more rapidly

for the iodide system, through a larger lattice spacing, compared with the bromide and

chloride QDs.
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Figure 5.7: Simulated XRD spectra produced using the VESTA software361 and data from various
crystallographic archives. a) Reflections of the CsPbI3 cubic phase (CrystMet = 526116), b) XRD
of the CsPbBr3 α-phase and c) XRD of CsPbCl3 α-phase (COD = 1542142). The asterisk in each
diffractogram shows the position of the (200) peak and illustrates the reduction in lattice spacing
from iodide to chloride based QDs. d) Simulated XRD of the CsPbI3 δ-phase and e) reflections of
the CsPbBr3 γ-phase. f) Phase diagram of mixed compositions of perovskite from pure bromide
to pure iodide adapted from Cottingham and co-workers.359 g) Model of the CsPbBr3 cubic phase
(ICSD = 181287) and h) model of the CsPbBr3 γ-phase (COD = 4510745) that exhibits a torsion
about the lead atom.

The generation of simulated XRD diffraction peaks presented by Figure 5.7 may be un-

derstood from first principles using a model space group, atomic scattering factors and

interplanar spacings. These are simply calculated using the Bragg law. The determina-

tion of the relative intensities of the diffraction peaks requires derivation of the structure

factor.362 Moreover, consideration of the structure factor equation accounts for the weak

signals observed as 2θ approaches 90◦. The generic structure factor equation is given by

Fhkl =
N∑
j=1

fje
(2πi(hxj+kyj+lzj)) (5.5)

which is best expressed by using Euler’s formula to arrive at

Fhkl =

N∑
j=1

fjcos(2π(hxj + kyj + lzj)) + i

N∑
j=1

fjsin(2π(hxj + kyj + lzj)) (5.6)
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where N is the total number of atoms contributing to the scattering signal, the Miller

indices of the plane of interest are given by hkl, and the fractional coordinates of the

atoms within the unit cell are termed x, y and z. The variable fj refers to the atomic form

factor of the jth atom and is given by

fj(sinθ/λ) =

4∑
i=1

aie
−bi(sinθ/λ)2 + c (5.7)

where the diffraction angle is given by θ, the x-ray wavelength is expressed by λ and the

8 coefficients, ai and bi, for the total i = 1 to 4, along with the constant c, may be sought

from the literature.363 In addition, the multiplicity of equivalent faces must be taken into

account. These may be sourced in most textbooks.364 The polarisation of the incident

and diffracted x-ray beam adds further complexity to the measured intensity.365 Most x-

ray sources produce unpolarised light and the perturbation is most commonly modelled

by the taking the average of polarised x-rays parallel to the surface and polarised x-rays

perpendicular to the surface, where the average is given by

P = (1 + cos22θ)/2 (5.8)

here the polarisation factor is symbolised by P and 2θ is the measured diffraction angle.

Using these corrections a more complete structure factor equation may be formulated as

I ∝MhklPF
2
hkl (5.9)

where the face multiplicity is Mhkl, and Fhkl and P are given by Equations 5.6 and 5.8,

respectively. The polarisation effects and atomic scattering factors both decrease as diffrac-

tion angle increases. This accounts for the observed intensity reduction at large diffraction

angles. Moreover, the systematic absence of peaks depending on the lattice type will be

observed. The synthetic XRDs of some model lattices are presented in Figure 5.7.

To conclude this section on the structural characteristics of nano-perovskites and how they

may relate to the observed rates of halogen substitution, consider Figure 5.8. A Riley-

Nelson analysis of experimental diffraction data reveals that the lattice constant, assuming

for simplicity the perovskites all adopt a cubic structure, increases as the halogen atom

becomes larger, where the lattice parameter values reported are in good agreement with

the literature.366 This result adds some support to the preliminary anion exchange data

presented earlier in the chapter, where it was observed that evolution of short wavelengths

upon the addition of chloride anions was more rapid for the CsPbI3 QDs than it was for

the CsPbBr3 and CsPb(Cl0.5Br0.5)3 QDs. Furthermore, the XRD and EDX observations

of Alivisatos et al.150 confirm that, upon the addition of a chloride anion source, the lattice

planes of both CsPbI3 and CsPbBr3 contract. Ultimately, these observations are suggestive

of a partial substitution of the chloride anion source into the parent QD.



155 SECTION: 5.4

4 6 8 1 0 1 2 1 4 1 6
0 . 5 5 9 50 . 5 6 0 00 . 5 6 0 50 . 5 6 1 0

 a 
(nm

) 

 c o s 2 θ/ s i n θ+ c o s 2 θ/ θ

aL a t t i c e  C o n s t a n t s
Material a (nm)

Cubic Cl Perovskite 0.56
Cubic Br Perovskite 0.58
Cubic I Perovskite 0.62

4 6 8 1 0 1 2 1 4 1 6
0 . 5 8 30 . 5 8 40 . 5 8 50 . 5 8 6

  c o s 2 θ/ s i n θ+ c o s 2 θ/ θ

 a 
(nm

) b

4 6 8 1 0 1 2 1 4 1 6
0 . 6 10 . 6 20 . 6 30 . 6 4

 a 
(nm

) 

  c o s 2 θ/ s i n θ+ c o s 2 θ/ θ

c

 

 

 

 

 

 

Figure 5.8: Calculation of the cubic lattice parameters of a variety of QDs through the Riley-
Nelson method. Plot of the lattice parameter against the RN function for a) CsPbCl3 QDs, b)
CsPbBr3 QDs and c) CsPbI3 perovskites. The table is colour-coded for each plot, and the value
of the lattice constant is the intercept of the linear fit overlaid on each graph. The halogen atom
is largely responsible for the increase in lattice parameter for the perovskite QDs.

5.4 Routes toward in situ synthesis of CsPbX3

nano-perovskites

Recently, it has been discovered within our lab that CsPbX3 nano-perovskites may be

synthesised through an in situ facile synthesis. Surprisingly, it was found that perovskites

formed spontaneously under low light intensity illumination, giving rise to bright bursts of

colour. A demonstration of these nano-auroras is presented in an electronic appendix and

in Figure 5.9. It is unclear at present the mechanism of formation and the origin of the

violent swirling vortices of QDs. One possibility is huge thermal gradients, as indicated by

solvent boiling across the sample, which introduces convection currents. A more complete

study of the system will be the subject of future investigations. Intriguingly, the in situ

method permits the study of the time-resolved evolution of quantum confinement effects

and may perhaps reveal kinetic detail of the poorly understood growth processes of single

QDs. Importantly, spectroscopic measurements of early developing QD clusters may be

captured by this technique, where the early formed clusters are predicted to fall within

the strong confinement regime, unlike the perovskites synthesised by traditional colloidal

synthesis routes, as outlined elsewhere.367

Typically, the production of NPs by employing short, high energy laser pulses is en-

countered commonly within the literature. In comparison, the laser power regimes used in

this work are at least two orders of magnitude lower than the nearest reported values.368–370

The early data and observations on the in situ synthesis of CsPbX3 perovskites have hin-

ted at the possibility of a nanoplasma, which to the author’s knowledge, would be the

first observation of such a phenomenon using relatively low energy CW radiation. Encour-

agingly, experiments using gold NPs by Lachaine and co-workers371 have similarly observed
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the formation of nanobubbles through extreme heating of the host solvent. The suggested

mechanism behind the intense heat source was the highly efficient optical transfer of energy

to the NP through a plasmon resonance at the NP surface. This energy was subsequently

transferred to the host-matrix resulting in violent bubbling.371 Interestingly, further invest-

igations on the formation nanobubbles using an off-resonance wavelength in the picosecond

laser pulse regime have shown evidence of a different mechanism of nanocavitation. In this

process, it was suggested that near-field enhancement of the electric field around the NP led

to photoionisation of the water molecules, inducing the formation of a nanoplasma.371 In

comparison, the CsPbX3 perovskites studied here share some similarities with the former

studies. However, this area has not yet been fully characterised and a more complete

description of the underlying mechanisms will be the subject of future experiments.
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Figure 5.9: Overview of an in situ method toward the fabrication of single fluorescent perovskite
QDs. The precursors were irradiated with low intensity 405 nm light, which initiates high-intensity
bursts of fluorescence from the rapidly formed QDs. Impressively, in some circumstances, vehement
vortices were seen to circulate around the nucleation site. This may be due to intense thermal
activity or the formation of a nanoplasma at the epicentre. The image (right) captures an intense
fluorescence burst where the swirling NPs are magnified (left).

As a further example specific to perovskites, a study of the effects of laser ablation on thin

perovskite films was conducted by Prakash et al.372 with the aim of exploiting perovskites

as writable media. It was found that scanning the CW laser spot over the sample resulted



157 SECTION: 5.4

in etched tracks in the film. Remarkably, atomic force microscopy, which was used to

study the surface topography around the etched region, revealed the formation of large

nanopillars up to 0.9 µm in height. It was postulated that extreme heating of the material

results in a plasma plume of hot perovskite, which cools and solidifies at the edge of the

ablation region. Furthermore, the plasma plume was found to span a wider area for longer

laser exposure times and greater laser intensities.372 Typically, reports on the formation

of nanoplasmas are somewhat sparse and work is underway within our lab to elucidate

the source of extreme heating in perovskite nanomaterials using relatively low laser power

densities.



Chapter 6

Future work and final remarks

The experiments that were undertaken within this thesis communicate comprehensive de-

tail on the control of single QD photoluminescence intermittency through modification of

the nano-environment and single crystal structure. The QDs investigated were typically

manufactured in-house, and an exhaustive account of routes toward a myriad of NPs is

reported. As-synthesised materials were studied by employing an assortment of state-

of-the-art techniques to probe the QD morphology, crystal structure, composition and

nano-environment. The stringent control of these parameters inspired the development of

the CTST model that offers an intuitive insight into the photodynamics of single fluor-

escent NPs. Importantly, development of the CTST may rationalise approaches toward

purpose-built devices. Indeed, much attention has been directed in recent years toward

the fabrication of high-efficiency solar cells, the next generation of device displays and high

stability biological imaging agents.

Early studies performed in this work focussed on how the dielectric constant of the host

substrate influences blinking dynamics. It was found that when the QDs were fixed onto

a coverslip layered with a host substrate film, the observed fluorescence intermittency was

dependent on the dielectric constant of the host substrate. Specifically, it was shown that

the QD remains in a non-radiative state for increasingly longer times as the dielectric

constant of the host substrate was increased. This relationship was modelled using a

charge-tunnelling mechanism, whereby the non-emissive state is proposed to be a positive,

core trion state, following ionisation of the QD, in which the exciton is rapidly quenched

by the excess charge through Auger recombination. A simple Born solvation expression,

which describes the favourable interaction of the electron with high dielectric constant

substrates, delivers blinking statistics remarkably similar to experimental values and may

be reproduced over a range of different hosts. The surface exciton-hole in equilibrium

with the core exciton-hole state acted to modulate the emission intensity within the CTST

scheme. The close proximity of the QD surface ligands to the surface exciton-hole suggested

that the nano-environment was no longer purely dependent on the host substrate. In

response, the dielectric constant was developed as a nano-composite using the Maxwell-

Garnett theory. It should be noted that while this continuum, electrostatics approach

appeared to agree with experimental data and provides rapid computation of the blinking
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behaviour, more advanced considerations may investigate the microscopic nature of the

surface exciton-hole stabilisation energy and how it is influenced by, for example, the

ligand dynamics and favourable hole interstitials on the QD surface.

The effect of tuning the tunnelling barriers on the blinking properties of single QDs was

completed using purpose-synthesised CdSe.CdS and CdSe.ZnS core-shell QDs of varying

shell thickness. It was found that the introduction of thick-shells of CdS about the CdSe

core led to the development of long-lived on states interrupted by brief off state periods.

This was explained by the infrequent QD ionisation events compared with unpassivated

QDs. Furthermore, evidence collected on the grey state emission of core-shell systems

through change point analysis demonstrated a shell thickness dependency, where thick-

shell QDs exhibited a less intense grey state than their thin shell analogues. This was

understood by considering how the surface exciton-hole equilibrium was modulated by the

high band offset shell and it was concluded that the slow back-tunnelling of the surface

exciton-hole in thick-shell systems was culpable for the intensity losses. Interestingly, the

shell integrity was discovered to play a vital role in the CTST description. It was found

to be necessary to consider both an effective exciton radius and an effective shell radius in

the case of CdSe.ZnS QDs in order to reproduce experimentally observed single molecule

profiles.

Blinking dynamics of single CdSe NRs of different aspect ratios were investigated in an

effort to apply the CTST model to more complex systems. It was found the CdSe NRs

exhibit exponential truncation in both the on- and off-times. As the aspect ratio was

increased both the cut-off rate in the on- and off-times increased. It was proposed that

a biexciton mechanism was responsible for the on-time cut-offs, akin to the mechanism

presented for CdSe QDs and core-shell systems, whereby a hot-electron is captured by the

surface-trapped hole ultimately forcing the QD into the non-radiative core-charged state.

The cut-off mechanism, responsible for truncation of the off-times, was suggested to arise

from hot-hole tunnelling to the NR surface. The relaxation of the confinement barriers

in CdSe NRs, as indicated by STM and UV-Vis measurements, permits tunnelling of the

hot-hole which is not possible for CdSe QDs, where the confinement regime is strong.

The tunnelling of the hot-hole from the non-emissive core-charged state to a surface trap

generates the neutral core, emissive, surface-hole state.

QD stability under photo-oxidative conditions was studied through fluorescence dispersion

measurements on single QDs and XPS experiments on QD nano-powders. It was demon-

strated that under photo-oxidative conditions the selenium underwent conversion to SeO2

and, simultaneously, the fluorescence emission of single QDs underwent a clear hypso-

chromic shift. A closer inspection of the dispersed fluorescence trace revealed an induction

period with relatively slow photoblueing followed by a rapid loss in signal intensity and a
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dramatic blueshift. The decay of the QD core through conversion to SeO2 is consistent with

quantum confinement arguments, which imply that the observed blueshift must originate

from a reduction in the QD volume. The induction period most likely manifests from

the sacrificial ZnS or CdS shell, which provides a barrier to photo-oxidative decay. The

source of the intensity decay, concomitant with photoblueing, is described by the CTST

model through a reduction of the core volume, which induces a blueshift and a reduction

of the excitation cross-section, which diminishes the excitation rate. Understanding and

controlling these processes will be crucial to the development of real-world applications

where QD integrity, functionality and performance need to be maintained over the lifetime

of the device or application.

Spectral jittering was observed in a number of single molecule traces which appeared to be

correlated with the emission intensity. This effect was explained through a quantum con-

fined Stark effect. The loss of emission intensity within the context of the CTST model is

realised by considering how the electron and hole overlap integral and the surface exciton-

hole in equilibria with the core exciton-hole will respond to an external charge. It was

postulated that, when the excess-hole is neighbouring the core closely, the exciton-hole

will experience a Coulomb repulsion forcing it to the surface, thus hindering radiative

recombination due to a reduction in the overlap of the electron and exciton-hole spatial

wavefunctions. The blueshift recorded with the drop in intensity was speculated to arise

from a screening effect that the excess-hole exerts on the core electron. Ultimately, the

excess-hole leads to an on-average shrinkage of the electron and exciton-hole Coulomb

attraction, producing blueshifted emission. Regrettably, the dispersed fluorescence is gen-

erally difficult to acquire due to the spreading of relatively low numbers of photons over

a wide area, reducing the observable signal. It may be possible to explore the spectral

jittering at a higher resolution in the near future by adopting mode-locked optical fre-

quency comb methods.373 A major advantage of QDs is their size tunability and narrow

emission line widths which make them attractive within the display technology sector. It

will, therefore, be imperative that the mechanisms responsible for spectral shifting, which

act to broaden ensemble emission frequencies, are elucidated to produce a new generation

of QDs that emit near monochromatic light.

New and exciting chemistry using recently developed nano-perovskites was introduced,

where a series of kinetic and structural studies were performed. Importantly, it was shown

that the emission wavelength of the parent perovskite rapidly shifts to a shorter wavelength,

as indicated by bulk PL measurements, at room temperature using AuCl3 dissolved in

toluene. It was hypothesised that the parent CsPbI3 perovskite, which exhibits a larger

lattice constant than CsPbBr3, should undergo a rapid transition to shorter wavelengths

compared to the other perovskite analogues. Furthermore, the high reactivity of the PbX2
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salt, when exposed to a CW laser, was exploited to study the in situ synthesis of nano-

perovskites. Impressive swirling vortices were observed on the coverslip. It was speculated

that the extreme heat source may be evidence of a nanoplasma.

In conclusion, the work presented within this thesis examines a number of fluorescent QD

properties that emerge at the nanoscale, including fluorescence intermittency, photoblue-

ing and photodecay. A recently conceived CTST model was presented which sheds new

light on the photophysics and photochemistry of QDs and provides a physical rationale

to describe the complex trajectory landscape of a single QD. The CTST model predic-

tions were tested experimentally through variations of the dielectric constant of the host

substrate, alterations to the shell thickness and modification of the NR aspect ratio. A

striking agreement between simulated and experimental truncated power-laws was unveiled

over the different regimes tested. Fundamentally, the CTST model was shown to be an

excellent candidate for explaining the exciton dynamics within single QDs. Moreover, it

is anticipated that this work will inspire fresh approaches toward functional nanomaterials

in device-driven applications using the theory developed throughout this thesis.



Appendix A

My macros

A.1 Automated focus

A set of customised icons were generated in the ImageJ toolbar by first converting 16×16
pixel images into icons. The icons were assigned as action tools and placed into the

StartupMacros file. Image conversion to icons was carried out using the following macro.

A.1.1 Icon generator

1 macro "Convert Image to Icon..." {

2 if (bitDepth!=8 || getWidth>16 || getHeight>16);

3 exit("This macro requires an 8-bit image no larger than 16x16");

4 Dialog.create("Image 2 Tool");

5 Dialog.addString("Tool name", "myTool");

6 Dialog.addCheckbox("Transparent Color", true);

7 Dialog.addNumber("Value", 0);

8 Dialog.show();

9 mytool = Dialog.getString();

10 allPixels = !Dialog.getCheckbox();

11 transparent = Dialog.getNumber();

12 getLut(r,g,b);

13 getRawStatistics(area, mean, min, max);

14 ts=’macro "’+mytool+’ Tool - ’;

15 for (i=0; i<=max; i++) {

16 if (allPixels || i!=transparent) {

17 r2=floor(r[i]/256*16);

18 g2=floor(g[i]/256*16);

19 b2=floor(b[i]/256*16);

20 color = "C"+toHex(r2)+toHex(g2)+toHex(b2);

21 if (!endsWith(ts, color)) ts=ts+color;

22 for (x=0; x<getWidth; x++) {

23 for (y=0; y<getHeight; y++) {
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24 if (getPixel(x,y)==i)

25 ts=ts+"D"+toHex(x)+toHex(y);

26 }

27 }

28 }

29 }

30 ts=ts+’"{\n\n}’;

31 macrodir = getDirectory("macros");

32 if (!endsWith(mytool,".txt")) mytool = mytool+".txt";

33 f = File.open(macrodir+mytool);

34 print (f, ts);

35 File.close(f);

36 open(macrodir+mytool);

37 }

Following successful conversion to icons the macros were assigned to the icons as action

tools within the StartupMacros file. The home, calibration and automated focus algorithms

are given below.

A.1.2 Home macro

This macro takes a snapshot image of the return laser beam when the specimen is in focus.

The microscope stage is returned to this position following each iteration of the automated

focus macro.

1 var oz;

2 macro "Set Z Origin... [h]" {

3 run("serial ext");

4 Ext.open("COM1",9600," ");

5 Ext.write("PZ 0 \r");

6 Ext.close();

7 runMacro("VideoCaptureTool");

8 run("Duplicate...", "title=Capture_1-1");

9 run("8-bit");

10 selectWindow("Capture_1");

11 close();

12 run("Set Measurements...", "area mean centroid center limit redirect=None decimal=3");

13 setAutoThreshold("Minimum dark");

14 run("Analyze Particles...", "size=1000-Infinity circularity=0.00-1.00 show=Nothing

↪→ display");

15 close();

16 oz = getResult("YM", 0);
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17 print(oz);

18 selectWindow("Log");

19 saveAs("Text", "C:\\Users\\Admin\\Desktop\\Aidans macros\\Text Files\\oz home

20 .txt");

21 run("Close");

22 selectWindow("Results");

23 run("Close");

24 }

Calibration was performed immediately after setting the home position. A snapshot was

taken at several defocused positions. A linear relationship was found between the return

TIR beam position on the CMOS chip and z-position of the motorised stage.

A.1.3 Video capture tool

This macro was used to call the VirtualDub software to capture an image of the return

laser beam.

1 var capturedNumber = 0;

2 var capturedVirtualStack = 0;

3 var captureTime = parseInt(call("ij.Prefs.get", "captureTool.captureTime","2"));

4 var captureFirst = parseInt(call("ij.Prefs.get", "captureTool.firstFrame","1"));

5 var captureLast = parseInt(call("ij.Prefs.get", "captureTool.lastFrame","0"));

6 var captureGray = parseInt(call("ij.Prefs.get", "captureTool.toGrayScale","0"));

7 var captureFlip = parseInt(call("ij.Prefs.get", "captureTool.flipVertical ","0"));

8 var captureType = call("ij.Prefs.get", "captureTool.outType","Virtual Stack");

9 macro ’Capture Action Tool - C000F14faF24faP4461b1d40Cfffo5577’ {

10 requires("1.41d");

11 virtualDub = getDirectory("startup")+"..\\VirtualDub\\VirtualDub";

12 if (! File.exists(virtualDub+".exe"))

13 exit("Error - Cannot capture: VirtualDub not found at\n"+virtualDub);

14 if (capturedVirtualStack!=0 && isOpen(capturedVirtualStack)) {

15 selectImage(capturedVirtualStack);

16 discard = getBoolean("Discard "+getTitle+"?");

17 if (!discard) exit ("Nothing captured (would overwrite previous virtual stack)");

18 close();

19 }

20 aviFile = getDirectory("temp")+"ij$CaptureTemp.avi";

21 if (File.exists(aviFile)) ok=File.delete(aviFile);

22 setBatchMode(true);

23 showProgress(0.01);

24 showStatus("Capture: opening AVI file...");
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25 status=exec(virtualDub+" /capture /capfile "+aviFile+" /capstart "+captureTime+"s /x")

↪→ ;

26 captureToolClicks = 0;

27 if (! File.exists(aviFile))

28 exit("Error- File created by VirtualDub capture not found:\n"+aviFile);

29 wait(50);

30 args = " ";

31 if (captureGray) args = args + "convert ";

32 if (captureType != "Stack") args = args + "use ";

33 if (captureFlip) args = args + "flip ";

34 run("AVI...", "select=["+aviFile+"] first="+captureFirst+" last="+captureLast+args);

35 wait(100);

36 stackID = getImageID();

37 capturedNumber++;

38 rename ("Capture_"+capturedNumber);

39 ns = nSlices();

40 if (indexOf(captureType, "Stack")<0 && ns > 1) {

41 run("Z Project...", "start=1 stop="+nSlices+" projection=["+captureType+"]");

42 rename (getTitle()+" (from "+ns+" frames)");

43 selectImage(stackID);

44 close();

45 }

46 if (captureType=="Virtual Stack") capturedVirtualStack = getImageID();

47 showProgress(1.0);

48 setBatchMode("exit and display");

49 }

50 macro ’Capture Action Tool Options’ {

51 Dialog.create("Capture Options");

52 Dialog.addNumber("Capture Time", captureTime,0,6,"seconds");

53 Dialog.addNumber("First Frame", captureFirst);

54 Dialog.addNumber("Last Frame *", captureLast);

55 Dialog.addCheckbox("Convert to Gray", captureGray);

56 Dialog.addCheckbox("Flip Vertical", captureFlip);

57 Dialog.addChoice("Output **", newArray("Stack", "Virtual Stack", "Average Intensity",

↪→ "Sum Slices", "Median"), captureType);

58 Dialog.addMessage("* Frame number or 0 for ’end’, -1 for ’end-1’, etc.\n** Output ’Sum

↪→ Slices’ & ’Median’ works for grayscale only.");

59 Dialog.show();

60 captureTime = round(Dialog.getNumber());

61 captureFirst= round(Dialog.getNumber());

62 captureLast= round(Dialog.getNumber());

63 captureGray= Dialog.getCheckbox();
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64 captureFlip= Dialog.getCheckbox();

65 captureType = Dialog.getChoice();

66 call("ij.Prefs.set", "captureTool.captureTime",toString(captureTime));

67 call("ij.Prefs.set", "captureTool.firstFrame",toString(captureFirst));

68 call("ij.Prefs.set", "captureTool.lastFrame",toString(captureLast));

69 call("ij.Prefs.set", "captureTool.toGrayScale",toString(captureGray));

70 call("ij.Prefs.set", "captureTool.flipVertical ",toString(captureFlip));

71 call("ij.Prefs.set", "captureTool.outType",captureType);

72 }

A.1.4 Calibration macro

The calibration macro ultimately generates a text file containing the linear fitting para-

meters and the home position. These parameters are called in the proceeding automated

focus macro. Snapshots of the return laser position are analysed for drift and the linear

calibration curve employed to drive the stage back to the home position.

1 var a; var b; var ym; var zm; var oz;

2 macro "Focus Calibration... [c]" {

3 n = 5;

4 ym = newArray(n);

5 zm = newArray(n);

6 run("serial ext");

7 Ext.open("COM1",9600," ");

8 Ext.write("SSZ 60 \r");

9 Ext.write("ZBL 1,1 \r");

10 Ext.write("D 50 \r");

11 Ext.close();

12 for (i=1; i<=n; i++){

13 Ext.open("COM1",9600," ");

14 Ext.write("U 10 \r");

15 Ext.close();

16 runMacro("VideoCaptureTool");

17 run("Duplicate...", "title=Capture_1-1");

18 run("8-bit");

19 selectWindow("Capture_1");

20 close();

21 }

22 run("Images to Stack", "name=CalibStack title=[] use");

23 run("Set Measurements...", "area mean centroid center limit redirect=None decimal=3");

24 setAutoThreshold("Minimum dark");
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25 run("Analyze Particles...", "size=1000-Infinity circularity=0.00-1.00 show=Nothing

↪→ display stack");

26 close();

27 for (i=1; i<=n; i++){

28 ym[i-1] = getResult("YM", i-1);

29 zm[i-1] = (i-1)*10;

30 }

31 selectWindow("Results");

32 run("Close");

33 Fit.doFit("Straight Line", ym, zm);

34 Fit.plot;

35 a = d2s(Fit.p(0),6);

36 b = d2s(Fit.p(1),6);

37 open("C:\\Users\\Admin\\Desktop\\aidans macros\\Text Files\\oz home.txt");

38 oz = getInfo("window.contents");

39 run("Close");

40 print(a);

41 print(b);

42 print(oz);

43 selectWindow("Log");

44 saveAs("Text", "C:\\Users\\Admin\\Desktop\\aidans macros\\Text Files\\FocusCalib.txt")

↪→ ;

45 run("Close");

46 }

A.1.5 Automated focus dialogue

This macro forms the graphical user interface (GUI) for the automated focus. The user

selects a time delay between snapshots and the number of times the sequence will loop.

Ultimately, this macro allows for a stable focus at the single molecule level for periods in

excess of 45 minutes.

1 var variables = newArray("10", "15", "20", "30", "40", "50", "60");

2 var variables1 = newArray("10", "20", "30", "40", "60", "80", "100", "120", "240", "360",

↪→ "400");

3 var variable = "30";

4 var variable1 = "80";

5 Dialog.create("Autofocus parameters");

6 Dialog.addChoice("Time delay (seconds)", variables, variable);

7 Dialog.addChoice("Number of cycles", variables1, variable1);

8 Dialog.show();

9 variable = Dialog.getChoice();
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10 variable1 = Dialog.getChoice();

11 for (i=1; i<=variable1; i++){

12 runMacro("Autofocus");

13 selectWindow("Log");

14 run("Close");

15 wait(variable*1000);

16 }

A.1.6 Automated focus macro

The frequency of snapshots per minute is easily changed within the GUI. Typically, snap-

shot corrections every 10 seconds was found to give good results with a stable focus. The

number of cycles controls the duration for which the system will be kept in focus. In order

to establish communication between the controller and motorised stage it was important

to install RXTX and serial extension files. Images were acquired through the VirtualDub

freeware. A snapshot was acquired after a delay period and the motorised stage was cor-

rected to the home position by exploiting the calibration curve produced by the calibration

macro.

1 var oz; var yi; var zi; var zo; var zd;

2 macro "Autofocus... [r]" {

3 c = newArray(3);

4 open("C:\\Users\\Admin\\Desktop\\aidans macros\\Text Files\\FocusCalib.txt");

5 ab = getInfo("window.contents");

6 run("Close");

7 c = split(ab, ’\n’);

8 a = parseFloat(c[0]);

9 b = parseFloat(c[1]);

10 oz = parseFloat(c[2]);

11 runMacro("VideoCaptureTool");

12 run("Duplicate...", "title=Capture_1-1");

13 run("8-bit");

14 selectWindow("Capture_1");

15 close();

16 run("Set Measurements...", "area mean centroid center limit redirect=None decimal=3");

17 setAutoThreshold("Minimum dark");

18 run("Analyze Particles...", "size=1000-Infinity circularity=0.00-1.00 show=Nothing

↪→ display");

19 close();

20 yi = getResult("YM", 0);

21 zi = a+b*yi;

22 zo = a+b*oz;
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23 zd = (zi-zo);

24 print(zd);

25 selectWindow("Results");

26 run("Close");

27 if (zd<0) {

28 run("serial ext");

29 Ext.open("COM1",9600," ");

30 Ext.write("U "+abs(zd)+" \r");

31 Ext.close();

32 }

33 if (zd>0) {

34 run("serial ext");

35 Ext.open("COM1",9600," ");

36 Ext.write("D "+abs(zd)+" \r");

37 Ext.close();

38 }

39 }

A.1.7 Excitation filters

To prevent the Prior stage controller COM ports clashing it was important that all com-

mands were sent via the ImageJ software. A simple macro, outlined here, was employed to

control the excitation neutral density filters. The macro generates a GUI containing a list

of selectable attenuation filters. The user may select the desired filter and the motorised

filter wheel will rotate to place the required filter in the light path.

1 var variables = newArray("CLOSED", "1% ND","1.3% ND", "3% ND", "9% ND", "24% ND","40% ND",

↪→ "56%ND", "70% ND", "OPEN");

2 var variable = "CLOSED";

3 Dialog.create("Excitation Filter");

4 Dialog.addChoice("Excitation Filter", variables, variable);

5 Dialog.show();

6 variable = Dialog.getChoice();

7 if (variable=="CLOSED") {

8 run("serial ext");

9 Ext.open("COM1",9600," ");

10 Ext.write("7 1, 8 \r");

11 Ext.close();

12 }

13 if (variable=="1% ND") {

14 run("serial ext");

15 Ext.open("COM1",9600," ");
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16 Ext.write("7 1, 9 \r");

17 Ext.close();

18 }

19 if (variable=="1.3% ND") {

20 run("serial ext");

21 Ext.open("COM1",9600," ");

22 Ext.write("7 1, 10 \r");

23 Ext.close();

24 }

25 if (variable=="3% ND") {

26 run("serial ext");

27 Ext.open("COM1",9600," ");

28 Ext.write("7 1, 1 \r");

29 Ext.close();

30 }

31 if (variable=="9% ND") {

32 run("serial ext");

33 Ext.open("COM1",9600," ");

34 Ext.write("7 1, 2 \r");

35 Ext.close();

36 }

37 if (variable=="24% ND") {

38 run("serial ext");

39 Ext.open("COM1",9600," ");

40 Ext.write("7 1, 3 \r");

41 Ext.close();

42 }

43 if (variable=="40% ND") {

44 run("serial ext");

45 Ext.open("COM1",9600," ");

46 Ext.write("7 1, 4 \r");

47 Ext.close();

48 }

49 if (variable=="56% ND") {

50 run("serial ext");

51 Ext.open("COM1",9600," ");

52 Ext.write("7 1, 5 \r");

53 Ext.close();

54 }

55 if (variable=="70% ND") {

56 run("serial ext");

57 Ext.open("COM1",9600," ");
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58 Ext.write("7 1, 6 \r");

59 Ext.close();

60 }

61 if (variable=="OPEN") {

62 run("serial ext");

63 Ext.open("COM1",9600," ");

64 Ext.write("7 1, 7 \r");

65 Ext.close();

66 }

A.1.8 Emission filters

To prevent the Prior stage controller COM ports clashing it was important that all com-

mands were sent via the ImageJ software. A simple macro outlined here was employed

to control the emission filters. The macro generates a GUI containing a list of selectable

emission filters. The user may select the desired filter and the motorised filter wheel will

rotate to place the required filter in the light path.

1 var variables1 = newArray("482 - 18 nm", "529 - 24 nm", "536 - 40 nm", "550 - 49 nm", "563

↪→ - 9 nm", "580 - 30 nm", "609 - 54 nm", "670 - 40 nm");

2 var variable1 = "609 - 54 nm";

3 Dialog.create("Filter Menu");

4 Dialog.addChoice("Emission Filter", variables1, variable1);

5 Dialog.show();

6 variable1 = Dialog.getChoice();

7 if (variable1=="482 - 18 nm") {

8 run("serial ext");

9 Ext.open("COM1",9600," ");

10 Ext.write("7 2, 8\r");

11 Ext.close();

12 }

13 if (variable1=="529 - 24 nm") {

14 run("serial ext");

15 Ext.open("COM1",9600," ");

16 Ext.write("7 2, 9 \r");

17 Ext.close();

18 }

19 if (variable1=="536 - 40 nm") {

20 run("serial ext");

21 Ext.open("COM1",9600," ");

22 Ext.write("7 2, 10 \r");

23 Ext.close();
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24 }

25 if (variable1=="550 - 49 nm") {

26 run("serial ext");

27 Ext.open("COM1",9600," ");

28 Ext.write("7 2, 1 \r");

29 Ext.close();

30 }

31 if (variable1=="563 - 9 nm") {

32 run("serial ext");

33 Ext.open("COM1",9600," ");

34 Ext.write("7 2, 2 \r");

35 Ext.close();

36 }

37 if (variable1=="580 - 30 nm") {

38 run("serial ext");

39 Ext.open("COM1",9600," ");

40 Ext.write("7 2, 3 \r");

41 Ext.close();

42 }

43 if (variable1=="609 - 54 nm") {

44 run("serial ext");

45 Ext.open("COM1",9600," ");

46 Ext.write("7 2, 4 \r");

47 Ext.close();

48 }

49 if (variable1=="670 - 40 nm") {

50 run("serial ext");

51 Ext.open("COM1",9600," ");

52 Ext.write("7 2, 5 \r");

53 Ext.close();

54 }

A.2 SILAR and QY macro

Precursor volumes were calculated from simple concentric shell volumes, QD sizes, pre-

cursor concentrations and the total number of QDs in the reaction mixture. The calcula-

tion was repeated several times by the macro updating QD sizes with each successive run.

The macro calls a GUI and the user simply enters the first exciton absorption wavelength,

the type of QD, the shell material, the concentration of the shell infusion mixtures and the

concentration of QDs in the reaction mixture. The macro may also be used to calculate
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the QY of the sample. The user must enter a solvent and standard reference with the

absorption and emission data for both the standard and the unknown.

1 Coretype = newArray("CdSe", "CdS", "CdTe", "InP", "PbSe");

2 var Coretype1 = "CdSe"

3 Shelltype = newArray("ZnS", "CdS", "Zn0.5Cd0.5S", "ZnTe", "ZnSe", "CdTe", "InP", "InSb", "

↪→ InAs");

4 var Shelltype1 = "ZnS";

5 Dye = newArray("Rho 6G", "Rho B", "Rho 101", "Rho 110", "Rho 123");

6 var Dye1 = "Rho B";

7 DyeRF = newArray("MeOH", "EtOH", "Hexane", "Toluene");

8 var DyeRF1 = "MeOH";

9 QDRF = newArray("Hexane", "Toluene", "Heptane");

10 var QDRF1 = "Hexane";

11 Dialog.create("QD Calcs");

12 Dialog.addMessage("Capping");

13 Dialog.addChoice("Core type", Coretype, Coretype1);

14 Dialog.addChoice("Shell type", Shelltype, Shelltype1);

15 Dialog.addSlider("QD 1st exciton wavelength (nm):", 200, 1900, 560);

16 Dialog.addNumber("QD 1st exciton absorbance", 0);

17 Dialog.addNumber("QD Volumes (mL)", 2.5);

18 Dialog.addNumber("Precurssor Conc (Mol/L)", 0.1);

19 Dialog.addMessage("Quantum Yield");

20 Dialog.addChoice("Dye", Dye, Dye1);

21 Dialog.addNumber("Dye Absorbance", 0);

22 Dialog.addNumber("Dye emission area", 0);

23 Dialog.addChoice("Dye solvent", DyeRF, DyeRF1);

24 Dialog.addNumber("QD absorbance @ excitation wavelength", 0);

25 Dialog.addNumber("QD emission area", 0);

26 Dialog.addChoice("QD solvent", QDRF, QDRF1);

27 Dialog.show();

28 Coretype1 = Dialog.getChoice();

29 Shelltype1 = Dialog.getChoice();

30 Dye1 = Dialog.getChoice();

31 DyeRF1= Dialog.getChoice();

32 QDRF1= Dialog.getChoice();

33 if (Coretype1=="CdSe") {

34 coremat=1;

35 }

36 if (Coretype1=="CdS") {

37 coremat=2;

38 }

39 if (Coretype1=="CdTe") {
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40 coremat=3;

41 }

42 if (Coretype1=="InP") {

43 coremat=4;

44 }

45 if (Coretype1=="PbSe") {

46 coremat=5;

47 }

48 if (Shelltype1=="ZnS") {

49 Thickness=0.31;

50 Density=4090;

51 Mass=97.4;

52 }

53 if (Shelltype1=="CdS") {

54 Thickness=0.35;

55 Density=4870;

56 Mass=144.47;

57 }

58 if (Shelltype1=="Zn0.5Cd0.5S") {

59 Thickness=0.33;

60 Density=4480;

61 Mass=120.5;

62 }

63 if (Shelltype1=="ZnTe") {

64 Thickness=0.352;

65 Density=5636;

66 Mass=192.9;

67 }

68 if (Shelltype1=="ZnSe") {

69 Thickness=0.327;

70 Density=5266;

71 Mass=144.3;

72 }

73 if (Shelltype1=="CdTe") {

74 Thickness=0.374;

75 Density=5870;

76 Mass=240.01;

77 }

78 if (Shelltype1=="InP") {

79 Thickness=0.338;

80 Density=4787;

81 Mass=145.7;



175 APPENDIX: A.2

82 }

83 if (Shelltype1=="InSb") {

84 Thickness=0.374;

85 Density=5774;

86 Mass=236.5;

87 }

88 if (Shelltype1=="InAs") {

89 Thickness=0.349;

90 Density=5667;

91 Mass=189.7;

92 }

93 if (Dye1=="Rho 6G") {

94 QY=0.95;

95 }

96 if (Dye1=="Rho B") {

97 QY=0.65;

98 }

99 if (Dye1=="Rho 101") {

100 QY=0.96;

101 }

102 if (Dye1=="Rho 110") {

103 QY=0.92;

104 }

105 if (Dye1=="Rho 123") {

106 QY=0.90;

107 }

108 if (DyeRF1=="MeOH") {

109 DyeRF=1.328;

110 }

111 if (DyeRF1=="EtOH") {

112 DyeRF=1.36;

113 }

114 if (DyeRF1=="Hexane") {

115 DyeRF=1.37;

116 }

117 if (DyeRF1=="Toluene") {

118 DyeRF=1.496;

119 }

120 if (QDRF1=="Hexane") {

121 QDRF=1.37;

122 }

123 if (QDRF1=="Toluene") {
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124 QDRF=1.496;

125 }

126 if (QDRF1=="Heptane") {

127 QDRF=1.3876;

128 }

129 firstexcitonwave = Dialog.getNumber();

130 firstexcitonabs = Dialog.getNumber(); ;

131 QDVol = Dialog.getNumber(); ; ;

132 Precconc = Dialog.getNumber(); ; ; ;

133 DyeAbs = Dialog.getNumber(); ; ; ; ;

134 DyeEmiss = Dialog.getNumber(); ; ; ; ; ;

135 QDAbs = Dialog.getNumber(); ; ; ; ; ; ;

136 QDEmiss = Dialog.getNumber(); ; ; ; ; ; ; ;

137 //CdSe

138 if(coremat==1) {

139 diam= 1.6122*pow(10, -9)*(pow(firstexcitonwave , 4)) - 2.6575*pow(10, -6)*(pow(

↪→ firstexcitonwave , 3)) + 1.6242*pow(10, -3)*(pow(

↪→ firstexcitonwave , 2)) - 0.4277*(firstexcitonwave ) + 41.57;

140 ExCo=5857*pow(diam, 2.65);

141 }

142 //CdS

143 if(coremat==2) {

144 diam= -6.6521*pow(10, -8)*(pow(firstexcitonwave , 3)) + 1.9557*pow(10, -4)*(pow(

↪→ firstexcitonwave , 2)) - 9.2352*pow(10, -2)*(firstexcitonwave)

↪→ + 13.29;

145 ExCo=21536*pow(diam, 2.3);

146 }

147 //CdTe

148 if(coremat==3) {

149 diam= 9.8127*pow(10, -7)*(pow(firstexcitonwave , 3)) - 1.7147*pow(10, -3)*(pow(

↪→ firstexcitonwave , 2)) + 1.0064*(firstexcitonwave) - 194.84;

150 ExCo=10043*pow(diam, 2.12);

151 }

152 //InP

153 if(coremat==4) {

154 diam= -3.7707*pow(10, -12)*(pow(firstexcitonwave , 5)) + 1.0262*pow(10, -8)*(pow(

↪→ firstexcitonwave , 4)) - 1.0781*pow(10, -5)*(pow(

↪→ firstexcitonwave , 3)) + 5.4550*pow(10, -3)*(pow(

↪→ firstexcitonwave , 2)) - 1.3122*firstexcitonwave + 119.9;

155 ExCo=3046*pow(diam, 3) - 76532*pow(diam, 2) + 5.5137*pow(10, 5)*diam - 8.9839*pow(10,

↪→ 5);

156 }
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157 //PbSe

158 if(coremat==5) {

159 diam= (firstexcitonwave - 143.75)/281.25;

160 ExCo=(0.03389*pow(diam, 2.53801))/1*pow(10,5);

161 }

162 QDConc=firstexcitonabs/ExCo;

163 QDVol=QDVol/1000;

164 QDMols= QDConc*QDVol;

165 QDRad=diam/2;

166 //***1st ML***

167 VS1 = pow(QDRad+Thickness, 3);

168 VS2= pow(QDRad, 3);

169 VS3 = 4.189333*(VS1-VS2);

170 VS4=VS3*pow(10, -27);

171 Masskg=Mass*1.66053*pow(10, -27);

172 nCD1=(Density*VS4)/Masskg;

173 Molesofpreccs=QDMols*nCD1;

174 Volsofpreccs=((Molesofpreccs/Precconc)*1000)/2;

175 //***2nd ML***

176 VS5 = pow(QDRad+(2*Thickness), 3);

177 VS6= pow(QDRad+Thickness, 3);

178 VS7 = 4.189333*(VS5-VS6);

179 VS8=VS7*pow(10, -27);

180 Masskg=Mass*1.66053*pow(10, -27);

181 nCD2=(Density*VS8)/Masskg;

182 Molesofpreccs1=QDMols*nCD2;

183 Volsofpreccs1=((Molesofpreccs1/Precconc)*1000)/2;

184 //***3rd ML***

185 VS9 = pow(QDRad+(3*Thickness), 3);

186 VS10= pow(QDRad+(2*Thickness), 3);

187 VS11 = 4.189333*(VS9-VS10);

188 VS12=VS11*pow(10, -27);

189 Masskg=Mass*1.66053*pow(10, -27);

190 nCD3=(Density*VS12)/Masskg;

191 Molesofpreccs3=QDMols*nCD3;

192 Volsofpreccs3=((Molesofpreccs3/Precconc)*1000)/2;

193 //***4th ML***

194 VS13 = pow(QDRad+(4*Thickness), 3);

195 VS14= pow(QDRad+(3*Thickness), 3);

196 VS15 = 4.189333*(VS13-VS14);

197 VS16=VS15*pow(10, -27);

198 Masskg=Mass*1.66053*pow(10, -27);
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199 nCD4=(Density*VS16)/Masskg;

200 Molesofpreccs4=QDMols*nCD4;

201 Volsofpreccs4=((Molesofpreccs4/Precconc)*1000)/2;

202 //***5th ML***

203 VS17 =pow(QDRad+(5*Thickness), 3);

204 VS18= pow(QDRad+(4*Thickness), 3);

205 VS19 = 4.189333*(VS17-VS18);

206 VS20=VS19*pow(10, -27);

207 Masskg=Mass*1.66053*pow(10, -27);

208 nCD5=(Density*VS20)/Masskg;

209 Molesofpreccs5=QDMols*nCD5;

210 Volsofpreccs5=((Molesofpreccs5/Precconc)*1000)/2;

211 //***6th ML***

212 VS21 =pow(QDRad+(6*Thickness), 3);

213 VS22= pow(QDRad+(5*Thickness), 3);

214 VS23 =4.189333*(VS21-VS22);

215 VS24=VS23*pow(10, -27);

216 Masskg=Mass*1.66053*pow(10, -27);

217 nCD6=(Density*VS24)/Masskg;

218 Molesofpreccs6=QDMols*nCD6;

219 Volsofpreccs6=((Molesofpreccs6/Precconc)*1000)/2;

220 //***7th ML***

221 VS25 =pow(QDRad+(7*Thickness), 3);

222 VS26= pow(QDRad+(6*Thickness), 3);

223 VS27 =4.189333*(VS25-VS26);

224 VS28=VS27*pow(10, -27);

225 Masskg=Mass*1.66053*pow(10, -27);

226 nCD7=(Density*VS28)/Masskg;

227 Molesofpreccs7=QDMols*nCD7;

228 Volsofpreccs7=((Molesofpreccs7/Precconc)*1000)/2;

229 //***8th ML***

230 VS29 =pow(QDRad+(8*Thickness), 3);

231 VS30= pow(QDRad+(7*Thickness), 3);

232 VS31 =4.189333*(VS29-VS30);

233 VS32=VS31*pow(10, -27);

234 Masskg=Mass*1.66053*pow(10, -27);

235 nCD8=(Density*VS32)/Masskg;

236 Molesofpreccs8=QDMols*nCD8;

237 Volsofpreccs8=((Molesofpreccs8/Precconc)*1000)/2;

238 Emratio= QDEmiss/DyeEmiss;

239 Absratio=DyeAbs/QDAbs;

240 RFratio=pow(QDRF,2)/pow(DyeRF,2);
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241 QDQY=Emratio*Absratio*RFratio*QY*100;

242 if(firstexcitonabs != 0){

243 print("Diameter:"+diam+" nm");

244 print("Extinction Coefficient:"+ExCo+" M^-1 cm^-1");

245 print("QD Conc:"+QDConc+" mol dm^-3");

246 print("QD Mols:"+QDMols+" mols");

247 print("1st ML Precursor Volume (each): "+Volsofpreccs+" mL");

248 print("2nd ML Precursor Volume (each): "+Volsofpreccs1+" mL");

249 print("3rd ML Precursor Volume (each): "+Volsofpreccs3+" mL");

250 print("4th ML Precursor Volume (each): "+Volsofpreccs4+" mL");

251 print("5th ML Precursor Volume (each): "+Volsofpreccs5+" mL");

252 print("6th ML Precursor Volume (each): "+Volsofpreccs6+" mL");

253 print("7th ML Precursor Volume (each): "+Volsofpreccs7+" mL");

254 print("8th ML Precursor Volume (each): "+Volsofpreccs8+" mL");

255 }

256 if(DyeAbs != 0) {

257 print("QY: "+QDQY+" %");

258 }

A.3 Power-law analysis algorithm

The power-law analysis macro was employed to extract the truncated power-law statistics

from the raw blinking profiles of single QDs. The macro proceeds by setting a threshold

to isolate the bright QDs from the background. A small region about the QD is selected

and the trajectory profile determined. A threshold was set to discriminate between bright

and dark-states, which was 2σ above the background, where σ is the standard deviation of

the background. An on-timer was initiated for the bright-state until the QD PL dropped

below the threshold at which point an off-timer would initiate.

The probability of events was constructed using the technique of Nesbitt et al.105 and

finally the probability density distributions were constructed. In general, the aggregated

PDDs in this thesis consisted of a minimum of 20000 blinking events. As a final step,

the truncated power-law was fitted to the PDDs and the gradient values and cut-off times

extracted.

1 MinParticleSize = getNumber("Minimum Particle Size", 4);

2 tint = getNumber("Integration time", 80);

3 TotalFiles = getNumber("Total Files", 6);

4 for (af=0; af<=TotalFiles; af++) {

5 run("Image Sequence...", "open=[E:\\17..9.2015 cdse.cds 1 ml_"+af+"] number=30000

↪→ starting=5 increment=1 scale=100 file=tif");
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6 selectWindow("17..9.2015 cdse.cds 1 ml_"+af);

7 makeRectangle(0, 20, 501, 501);

8 run("Crop");

9 resetMinAndMax();

10 Stack.getStatistics(count, mean, min, max, std);

11 HWHM = (0.5*6.07*std);

12 minima = (mean+HWHM);

13 setAutoThreshold("Default dark stack");

14 setThreshold(minima+5, 255);

15 run("Set Measurements...", " center limit redirect=None decimal=2");

16 run("Analyze Particles...", "size=MinParticleSize-45 circularity=0.00-1.00 show=

↪→ Nothing display slice");

17 for (i=0; i<=nResults-1; i++) {

18 selectWindow("17..9.2015 cdse.cds 1 ml_"+af);

19 xCoM = newArray(nResults);

20 yCoM = newArray(nResults);

21 xCoM[i] = getResult("XM", i);

22 yCoM[i] = getResult("YM", i);

23 makeRectangle(xCoM[i]-6, yCoM[i]-6, 12, 12);

24 run("Duplicate...", "title=[file] duplicate range=1-1000000");

25 rename("Trajectory Movie");

26 selectWindow("Results");

27 IJ.renameResults("PartCoordsGlobal");

28 function date(){

29 getDateAndTime(year, month, dayOfWeek, dayOfMonth, hour, minute, second, msec

↪→ );

30 startdate = ""+year+"-"+month+1+"-"+dayOfMonth+"";

31 starttime = ""+hour+"."+minute+"."+second+"";

32 }

33 selectWindow("Trajectory Movie");

34 makeRectangle(0, 0, 12, 12);

35 makeRectangle(0, 0, 2, 2);

36 Stack.getStatistics(count, mean, min, max, std);

37 Thr = ((2*std)+mean);

38 selectWindow("Trajectory Movie");

39 makeRectangle(4, 4, 3, 3);

40 run("Set Measurements...", " mean slice limit redirect=None decimal=2");

41 run("Plot Z-axis Profile");

42 selectWindow("Trajectory Movie-4-4");

43 run("Close");

44 selectWindow("Results");

45 Slice = newArray(nResults);
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46 Mean = newArray(nResults);

47 Time = newArray(nResults);

48 for (c=0; c<=nResults-1; c++) {

49 Slice [c] = getResult("Slice", c);

50 Mean [c] = getResult("Mean", c);

51 Time [c] = ((Slice [c]*tint)/1000);

52 }

53 Plot.create("ON.OFF Profile ", "Time (s)", "Intensity (arb.units)", Time, Mean);

54 Plot.addText("ON/OFF Profile" ,0, 0);

55 Plot.show();

56 saveAs("Tif", "E:\\17..9.2015 cdse.cds 1 ml_"+af+""+i+"Trace.tif");

57 Plot.getValues(x, y);

58 for (oboy=0; oboy<x.length; oboy++)

59 print(x[oboy], y[oboy]);

60 saveAs("txt", "E:\\17..9.2015 cdse.cds 1 ml_"+af+""+i+"Trace.txt");

61 selectWindow("Log");

62 run("Close");

63 selectWindow("Trajectory Movie");

64 makeRectangle(3, 3, 3, 3);

65 run("Histogram", "bins=256 use x_min=0 x_max=255 y_max=Auto stack");

66 selectWindow("Trajectory Movie");

67 makeRectangle(3, 3, 3, 3);

68 Stack.getStatistics(count, mean, min, max, std);

69 diff = (256/(max-min));

70 min = abs(min);

71 Threshold1 = (Thr-min);

72 xcoords = ((Threshold1*diff)+20);

73 selectWindow("Histogram of Trajectory");

74 makeArrow(xcoords, 50, xcoords, 141);

75 function makeArrow(x,y,x1,y1) {

76 eval(’script’,’img = IJ.getImage(); a= Arrow(’+x+’,’+y+’,’+x1+’,’+y1+’); img.

↪→ setRoi(a); ’);

77 }

78 run("Draw");

79 setFont("SansSerif", 18, " antialiased");

80 makeText("Thr", xcoords-15, 27);

81 run("Draw");

82 makeLine(300, 3, 300, 4);

83 selectWindow("Histogram of Trajectory");

84 selectWindow("Results");

85 for (jlm=0; jlm<=nResults-1; jlm++) {

86 Trace = getResult("Mean", jlm);
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87 if (Trace>Thr) {

88 setResult("Binary", jlm, 1);

89 }

90 if (Trace<Thr) {

91 setResult("Binary", jlm, 0);

92 }

93 }

94 selectWindow("Results");

95 xMax = ((tint*nResults)/1000);

96 xMax = abs(xMax);

97 Slice1 = newArray(nResults);

98 Binary = newArray(nResults);

99 Time1 = newArray(nResults);

100 for (d=0; d<=nResults-1; d++) {

101 Slice1 [d] = getResult("Slice", d);

102 Binary [d] = getResult("Binary", d);

103 Time1 [d] = ((Slice1 [d]*tint)/1000);

104 }

105 Plot.create("Binary ON.OFF Profile ", "Time (s)", "Intensity (arb.units)", Time1,

↪→ Binary);

106 Plot.setLimits(0, xMax, -0.1, 1.1);

107 Plot.addText("Binary ON/OFF Profile Threshold ="+Thr, 0, 0);

108 Plot.show();

109 v = 0;

110 v = abs(v);

111 h = 0;

112 h= abs(h);

113 m = 0;

114 m = abs(m);

115 selectWindow("Results");

116 do {

117 v = getResult("Binary", m);

118 v=abs(v);

119 if (v>0) {

120 f = getResult("Binary", m);

121 f=abs(f);

122 v = getResult("Slice", m);

123 v=abs(v);

124 m = (m+1);

125 m=abs(m);

126 h = (f+h);

127 h=abs(h);
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128 }

129 if (v==0) {

130 f=getResult("Binary", m);

131 f=abs(f);

132 v = getResult("Slice", m);

133 v=abs(v);

134 m=(m+1);

135 m=abs(m);

136 setResult("Tally", m-1, ((h*tint)/1000));

137 h=0;

138 h=abs(h);

139 }

140 }

141 while (m<=nResults-1);

142 Totalon = 0;

143 for (nTally=0; nTally<=nResults-1; nTally++) {

144 Tally = getResult("Tally", nTally);

145 if (Tally>0) {

146 Totalon = (Totalon+1);

147 }

148 }

149 if (nResults==0) {

150 selectWindow("Histogram of Trajectory");

151 rename("ON.OFF Histogram "+(i+1));

152 run("Close");

153 selectWindow("Results");

154 run("Close");

155 selectWindow("Trajectory Movie");

156 run("Close");

157 selectWindow("Particle Coords");

158 IJ.renameResults("Results");

159 selectWindow("Results");

160 run("Close");

161 selectWindow("Binary ON.OFF Profile "+(i+1));

162 run("Close");

163 selectWindow("ON.OFF Profile "+(i+1));

164 run("Close");

165 selectWindow(file);

166 run("Close");

167 exit("Results table empty");

168 }

169 vv = 0;
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170 vv = abs(vv);

171 mm = 0;

172 mm = abs(mm);

173 selectWindow("Results");

174 do {

175 vv = getResult("Tally", mm);

176 vv = abs(vv);

177 if (vv>0) {

178 mm = (mm+1);

179 mm = abs(mm);

180 }

181 if (vv==0) {

182 IJ.deleteRows(mm, mm);

183 }

184 }

185 while (vv==0 || vv>0 && mm+1<=Totalon)

186 IJ.deleteRows(Totalon, nResults);

187 selectWindow("Results");

188 run("Summarize");

189 Totalon = abs(Totalon);

190 datamax = getResult("Tally", Totalon+3);

191 datamin = getResult("Tally", Totalon+2);

192 datamax = abs(datamax);

193 datamin = abs(datamin);

194 nBins = (datamax - ((datamin*tint)/1000));

195 nBins = ((nBins)*(1000/tint));

196 IJ.deleteRows(nResults-4, nResults-1);

197 selectWindow("Results");

198 for (pp=0; pp<=nBins; pp++) {

199 setResult("Bins (s)", pp, (((pp+1)*tint)/1000));

200 }

201 selectWindow("Results");

202 row = 0;

203 row = abs(row);

204 sum = 0;

205 sum = abs(sum);

206 for (ji=0; ji<=((datamax*1000)/tint)-1; ji++) {

207 tbin = getResult("Bins (s)", ji);

208 tbin=abs(tbin);

209 do {

210 ont = getResult("Tally", row);

211 ont = abs(ont);
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212 if (tbin != ont) {

213 row = (row+1);

214 }

215 if (tbin == ont) {

216 sum = (sum+1);

217 sum = abs(sum);

218 setResult("Histogram", ji, sum);

219 row = (row+1);

220 row = abs(row);

221 }

222 }

223 while (row<=Totalon-1);

224 sum =0;

225 row=0;

226 }

227

228 bbk =0;

229 for (wkj=0; wkj<=nResults-1; wkj++) {

230 wkb = getResult("Histogram", wkj);

231 if (wkb==0) {

232 bbk =(bbk+1);

233 totbbk=abs(bbk);

234 }

235 }

236 vv = 0;

237 vv = abs(vv);

238 mm = 0;

239 mm = abs(mm);

240 et = 0;

241 et = abs(et);

242 selectWindow("Results");

243 totresults = (nResults);

244 totresults = abs(totresults);

245 do {

246 vv = getResult("Histogram", mm);

247 vv = abs(vv);

248 if (vv>0) {

249 mm = (mm+1);

250 mm = abs(mm);

251 }

252 if (vv==0) {

253 IJ.deleteRows(mm, mm);
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254 et = (et+1);

255 }

256 }

257 while (vv==0 || vv>0 && mm != totresults-totbbk)

258 IJ.deleteRows(mm-1, nResults);

259 for (probdens=1; probdens<=nResults-2; probdens++) {

260 histo = getResult("Histogram", probdens);

261 histog = (2*histo);

262 tauplus = getResult("Bins (s)", probdens+1);

263 taumiddle = getResult("Bins (s)", probdens);

264 tauminus = getResult("Bins (s)", probdens-1);

265 tauplus1 = (tauplus-taumiddle);

266 tauminus1 = (taumiddle-tauminus);

267 taudifference = (tauplus1+tauminus1);

268 probabilitydensity = (histog/taudifference);

269 setResult("Prob density", probdens, probabilitydensity);

270 }

271 for (lgprob=1; lgprob<=nResults-2; lgprob++) {

272 probs = getResult("Prob density", lgprob);

273 logprob = (log(probs)/log(10));

274 setResult("log prob density", lgprob, logprob);

275 }

276 for (time=1; time<=nResults-2; time++) {

277 bintime = getResult("Bins (s)", time);

278 lgtime = (log(bintime)/log(10));

279 setResult("log time", time, lgtime);

280 }

281 IJ.deleteRows(0, 0);

282 IJ.deleteRows(nResults-1, nResults-1);

283 if (nResults==0) {

284 selectWindow("Histogram of Trajectory");

285 rename("ON.OFF Histogram "+(i+1));

286 run("Close");

287 selectWindow("Results");

288 run("Close");

289 selectWindow("Trajectory Movie");

290 run("Close");

291 selectWindow("Particle Coords");

292 IJ.renameResults("Results");

293 selectWindow("Results");

294 run("Close");

295 selectWindow("Binary ON.OFF Profile "+(i+1));



187 APPENDIX: A.3

296 run("Close");

297 selectWindow("ON.OFF Profile "+(i+1));

298 run("Close");

299 selectWindow(file);

300 run("Close");

301 exit("Results table empty");

302 }

303 selectWindow("Results");

304 IJ.renameResults("Results-1");

305 IJ.renameResults("Results");

306 run("Summarize");

307 yminima = getResult("log prob density", nResults-2);

308 ymaxima = getResult("log prob density", nResults-1);

309 xminima = getResult("log time", nResults-2);

310 xmaxima = getResult("log time", nResults-1);

311 IJ.deleteRows(nResults-4, nResults-1);

312 PowExp = "y = a + b*x - pow(10, x)/(c*log(10))";

313 Pow = "y = a + b*x";

314 fitxon = newArray(nResults);

315 fityon = newArray(nResults);

316 for (fitting=0; fitting<=nResults-1; fitting++){

317 fitxon [fitting] = getResult("log time", fitting);

318 fityon [fitting] = getResult("log prob density", fitting);

319 }

320 Fit.doFit(PowExp, fitxon, fityon);

321 Fit.plot;

322 Aon = pow(10, Fit.p(0));

323 mon = Fit.p(1);

324 tcon = Fit.p(2);

325 rename("FitON ");

326 Plot.create("P(ON) ", "log Time (s)", "log P(t-on) s-1");

327 Plot.setLimits(xminima, xmaxima, yminima, ymaxima);

328 Plot.add("circles", fitxon, fityon);

329 Plot.addText("A = "+Aon+" m = "+mon+" tc = "+tcon+" On Events ="+Totalon,0,0);

330 Plot.show();

331 saveAs("Tif", "E:\\17..9.2015 cdse.cds 1 ml_"+af+""+i+"Pon.tif");

332 Plot.getValues(x, y);

333 for (oboy1=0; oboy1<x.length; oboy1++)

334 print(x[oboy1], y[oboy1]);

335 selectWindow("Log");

336 saveAs("txt", "E:\\17..9.2015 cdse.cds 1 ml_"+af+" "+i+" "+mon+" "+tcon+"Pon.txt"

↪→ );
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337 selectWindow("Log");

338 selectWindow("Results");

339 run("Close");

340 selectWindow("Trajectory Movie");

341 makeRectangle(4, 4, 3, 3);

342 run("Set Measurements...", " mean slice limit redirect=None decimal=2");

343 run("Plot Z-axis Profile");

344 selectWindow("Trajectory Movie-4-4");

345 run("Close");

346 selectWindow("Results");

347 for (jlm=0; jlm<=nResults-1; jlm++) {

348 Trace = getResult("Mean", jlm);

349 if (Trace<Thr) {

350 setResult("Binary", jlm, 1);

351 }

352 if (Trace>Thr) {

353 setResult("Binary", jlm, 0);

354 }

355 }

356 v = 0;

357 v = abs(v);

358 h = 0;

359 h= abs(h);

360 m = 0;

361 m = abs(m);

362 selectWindow("Results");

363 do {

364 v = getResult("Binary", m);

365 v=abs(v);

366 if (v>0) {

367 f = getResult("Binary", m);

368 f=abs(f);

369 v = getResult("Slice", m);

370 v=abs(v);

371 m = (m+1);

372 m=abs(m);

373 h = (f+h);

374 h=abs(h);

375 }

376 if (v==0) {

377 f=getResult("Binary", m);

378 f=abs(f);
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379 v = getResult("Slice", m);

380 v=abs(v);

381 m=(m+1);

382 m=abs(m);

383 setResult("Tally", m-1, ((h*tint)/1000));

384 h=0;

385 h=abs(h);

386 }

387 }

388 while (m<=nResults-1);

389 Totaloff = 0;

390 for (nTally=0; nTally<=nResults-1; nTally++) {

391 Tally = getResult("Tally", nTally);

392 if (Tally>0) {

393 Totaloff = (Totaloff+1);

394 }

395 }

396 if (nResults==0) {

397 selectWindow("Histogram of Trajectory");

398 rename("ON.OFF Histogram "+(i+1));

399 run("Close");

400 selectWindow("Results");

401 run("Close");

402 selectWindow("Trajectory Movie");

403 run("Close");

404 selectWindow("Particle Coords");

405 IJ.renameResults("Results");

406 selectWindow("Results");

407 run("Close");

408 selectWindow("Binary ON.OFF Profile "+(i+1));

409 run("Close");

410 selectWindow("ON.OFF Profile "+(i+1));

411 run("Close");

412 selectWindow("P(ON) "+(i+1));

413 run("Close");

414 selectWindow("FitON "+(i+1));

415 run("Close");

416 selectWindow(file);

417 run("Close");

418 exit("Results table empty");

419 }

420 vv = 0;
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421 vv = abs(vv);

422 mm = 0;

423 mm = abs(mm);

424 selectWindow("Results");

425 do {

426 vv = getResult("Tally", mm);

427 vv = abs(vv);

428 if (vv>0) {

429 mm = (mm+1);

430 mm = abs(mm);

431 }

432 if (vv==0) {

433 IJ.deleteRows(mm, mm);

434 }

435 }

436 while (vv==0 || vv>0 && mm+1<=Totaloff)

437 IJ.deleteRows(Totaloff, nResults);

438 selectWindow("Results");

439 run("Summarize");

440 Totaloff = abs(Totaloff);

441 datamax = getResult("Tally", Totaloff+3);

442 datamin = getResult("Tally", Totaloff+2);

443 datamax = abs(datamax);

444 datamin = abs(datamin);

445 nBins = (datamax - ((datamin*tint)/1000));

446 nBins = ((nBins)*(1000/tint));

447 IJ.deleteRows(nResults-4, nResults-1);

448 selectWindow("Results");

449 for (pp=0; pp<=nBins; pp++) {

450 setResult("Bins (s)", pp, (((pp+1)*tint)/1000));

451 }

452 selectWindow("Results");

453 row = 0;

454 row = abs(row);

455 sum = 0;

456 sum = abs(sum);

457 for (ji=0; ji<=((datamax*1000)/tint)-1; ji++) {

458 tbin = getResult("Bins (s)", ji);

459 tbin=abs(tbin);

460 do {

461 offt = getResult("Tally", row);

462 offt = abs(offt);
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463 if (tbin != offt) {

464 row = (row+1);

465 }

466 if (tbin == offt) {

467 sum = (sum+1);

468 sum = abs(sum);

469 setResult("Histogram", ji, sum);

470 row = (row+1);

471 row = abs(row);

472 }

473 }

474 while (row<=Totaloff-1);

475 sum =0;

476 row=0;

477 }

478 bbk =0;

479 for (wkj=0; wkj<=nResults-1; wkj++) {

480 wkb = getResult("Histogram", wkj);

481 if (wkb==0) {

482 bbk =(bbk+1);

483 totbbk=abs(bbk);

484 }

485 }

486 vv = 0;

487 vv = abs(vv);

488 mm = 0;

489 mm = abs(mm);

490 et = 0;

491 et = abs(et);

492 selectWindow("Results");

493 totresults = (nResults);

494 totresults = abs(totresults);

495 do {

496 vv = getResult("Histogram", mm);

497 vv = abs(vv);

498 if (vv>0) {

499 mm = (mm+1);

500 mm = abs(mm);

501 }

502 if (vv==0) {

503 IJ.deleteRows(mm, mm);

504 et = (et+1);
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505 }

506 }

507 while (vv==0 || vv>0 && mm != totresults-totbbk)

508 IJ.deleteRows(mm-1, nResults);

509 for (probdens=1; probdens<=nResults-2; probdens++) {

510 histo = getResult("Histogram", probdens);

511 histog = (2*histo);

512 tauplus = getResult("Bins (s)", probdens+1);

513 taumiddle = getResult("Bins (s)", probdens);

514 tauminus = getResult("Bins (s)", probdens-1);

515 tauplus1 = (tauplus-taumiddle);

516 tauminus1 = (taumiddle - tauminus);

517 taudifference = (tauplus1 + tauminus1);

518 probabilitydensity = (histog/taudifference);

519 setResult("Prob density", probdens, probabilitydensity);

520 }

521 for (lgprob=1; lgprob<=nResults-2; lgprob++) {

522 probs = getResult("Prob density", lgprob);

523 logprob = (log(probs)/log(10));

524 setResult("log prob density", lgprob, logprob);

525 }

526 for (time=1; time<=nResults-2; time++) {

527 bintime = getResult("Bins (s)", time);

528 lgtime = (log(bintime)/log(10));

529 setResult("log time", time, lgtime);

530 }

531 IJ.deleteRows(0, 0);

532 IJ.deleteRows(nResults-1, nResults-1);

533 if (nResults==0) {

534 selectWindow("Histogram of Trajectory");

535 rename("ON.OFF Histogram "+(i+1));

536 run("Close");

537 selectWindow("Results");

538 run("Close");

539 selectWindow("Trajectory Movie");

540 run("Close");

541 selectWindow("Particle Coords");

542 IJ.renameResults("Results");

543 selectWindow("Results");

544 run("Close");

545 selectWindow("Binary ON.OFF Profile "+(i+1));

546 run("Close");
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547 selectWindow("ON.OFF Profile "+(i+1));

548 run("Close");

549 selectWindow("P(ON) "+(i+1));

550 run("Close");

551 selectWindow("FitON "+(i+1));

552 run("Close");

553 selectWindow(file);

554 run("Close");

555 exit("Results table empty");

556 }

557 selectWindow("Results");

558 IJ.renameResults("Results-1");

559 IJ.renameResults("Results");

560 run("Summarize");

561 yminima = getResult("log prob density", nResults-2);

562 ymaxima = getResult("log prob density", nResults-1);

563 xminima = getResult("log time", nResults-2);

564 xmaxima = getResult("log time", nResults-1);

565 IJ.deleteRows(nResults-4, nResults-1);

566 PowExp = "y = a + b*x - pow(10, x)/(c*log(10))";

567 Pow = "y = a + b*x";

568 fitxoff = newArray(nResults);

569 fityoff = newArray(nResults);

570 for (fitting=0; fitting<=nResults-1; fitting++){

571 fitxoff [fitting] = getResult("log time", fitting);

572 fityoff [fitting] = getResult("log prob density", fitting);

573 }

574 Fit.doFit(PowExp, fitxoff, fityoff);

575 Fit.plot;

576 Aoff = pow(10, Fit.p(0));

577 moff = Fit.p(1);

578 tcoff = Fit.p(2);

579 rename("FitOFF ");

580 Plot.create("P(OFF) ", "log Time (s)", "log P(t-off) s-1");

581 Plot.setLimits(xminima, xmaxima, yminima, ymaxima);

582 Plot.add("circles", fitxoff, fityoff);

583 Plot.addText("A = "+Aoff+" m = "+moff+" tc = "+tcoff+" Off Events ="+Totaloff

↪→ ,0,0);

584 Plot.show();

585 saveAs("Tif", "E:\\17..9.2015 cdse.cds 1 ml_"+af+""+i+"Poff.tif");

586 Plot.getValues(x, y);

587 for (oboy2=0; oboy2<x.length; oboy2++)
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588 print(x[oboy2], y[oboy2]);

589 selectWindow("Log");

590 saveAs("txt", "E:\\17..9.2015 cdse.cds 1 ml_"+af+" "+i+" "+moff+" "+tcoff+"Poff.

↪→ txt");

591 selectWindow("Log");

592 run("Close");

593 selectWindow("Histogram of Trajectory");

594 rename("ON.OFF Histogram ");

595 run("Close");

596 selectWindow("Results");

597 run("Close");

598 selectWindow("Trajectory Movie");

599 saveAs("Tif", "E:\\17..9.2015 cdse.cds 1 ml_"+af+""+i+"QD.tif");

600 run("Close");

601 selectWindow("Binary ON.OFF Profile ");

602 run("Close");

603 selectWindow("17..9.2015 cdse.cds 1 ml_"+af+""+i+"Poff.tif");

604 run("Close");

605 selectWindow("17..9.2015 cdse.cds 1 ml_"+af+""+i+"Pon.tif");

606 run("Close");

607 selectWindow("17..9.2015 cdse.cds 1 ml_"+af+""+i+"Trace.tif");

608 run("Close");

609 selectWindow("FitON ");

610 run("Close");

611 selectWindow("FitOFF ");

612 run("Close");

613 selectWindow("PartCoordsGlobal");

614 IJ.renameResults("Results");

615 }

616 selectWindow("17..9.2015 cdse.cds 1 ml_"+af);

617 run("Close");

618 selectWindow("Results");

619 run("Close");

620 }

A.4 Power-law analysis summation

Truncated power-law data from individual QDs was extracted and fed into a results window

in the ImageJ software. The log of the time was labelled column X1 and the PDD data

points from all PDD plots was labelled the Y1 column. Ultimately, the macro generates a

tally column, which is the sum of the log of the probabilities for a particular time, and a
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total column, which is the total number of occurrences of a particular time. The results

window was then operated on by an averaging macro and the aggregated PDD constructed.

1 selectWindow("Results");

2 r = abs(nResults);

3 p=0;

4 for (i=0; i<=nResults-2-p; i++) {

5 p=0;

6 x = getResult("X1", i);

7 z = getResult("Y1", i);

8 u=1;

9 v=i;

10 do {

11 k = getResult("X1", v+1);

12 if (x==k) {

13 l= getResult("Y1", v+1);

14 z = z+l;

15 IJ.deleteRows(v+1, v+1);

16 p=0+1;

17 setResult("Tally", i, z);

18 updateResults();

19 v=v+1;

20 u=u+1;

21 setResult("Tot", i, u);

22 updateResults();

23 }

24 if (x!=k) {

25 v = v+1;

26 setResult("Tally", i, z);

27 updateResults();

28 u=u;

29 setResult("Tot", i, u);

30 updateResults();

31 }

32 }

33 while (v<=nResults-2-p)

34 }

35 for (ii=0; ii<=nResults-1; ii++) {

36 o = getResult("Tally", i);

37 if (o==0) {

38 v=i;

39 g=nResults-1-v+1;

40 setResult("Tot", i, g);
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41 q = getResult("Y1", i);

42 setResult("Tally", i, g*q);

43 updateResults();

44 IJ.deleteRows(v+1, nResults-1);

45 exit();

46 }}

A.5 Power-law analysis data aggregation

The results window from the summation macro was operated on without further modi-

fication by the aggregation macro detailed here. The average probability for a particular

time is calculated using the tally and total values from the summation macro. In the final

step the average PDD is constructed and the truncated power-law fitted to the aggregated

data.

1 selectWindow("Results");

2 kk= getResult("Y1", nResults-1);

3 setResult("Tally", nResults-1, kk);

4 setResult("Tot", nResults-1, 1);

5 updateResults();

6 for (i=0; i<=nResults-1; i++) {

7 Tally = getResult("Tally", i);

8 Tot = getResult("Tot", i);

9 setResult("Average", i, Tally/Tot);

10 }

11 yminima = getResult("Average", nResults-2);

12 ymaxima = getResult("Average", nResults-1);

13 xminima = getResult("X1", nResults-2);

14 xmaxima = getResult("X1", nResults-1);

15 PowExp = "y = a + b*x - pow(10, x)/(c*log(10))";

16 Pow = "y = a + b*x";

17 fitxon = newArray(nResults);

18 fityon = newArray(nResults);

19 for (fitting=0; fitting<=nResults-1; fitting++){

20 fitxon [fitting] = getResult("X1", fitting);

21 fityon [fitting] = getResult("Average", fitting);

22 }

23 Fit.doFit(PowExp, fitxon, fityon);

24 Fit.plot;

25 Aon = pow(10, Fit.p(0));

26 mon = Fit.p(1);
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27 tcon = Fit.p(2);

28 rename("FitON ");

A.6 Photoinduced blueing measurements

This macro was used for tracking the emission wavelength of a single QD. The macro

proceeds by detecting the zeroth and first order diffraction spots of the fluorescence. If the

intensity is above the on/off threshold then the distance in pixels between the zeroth and

first order diffraction spots is calculated. The distance between spots is translated to a

wavelength by exploiting the linear relationship between the wavelength and pixel distance

as measured by a calibration plot. The calibration was performed by passing known laser

wavelengths through a diffraction grating and imaging the dispersed light on the CCD chip

as detailed by Figure 4.21.

1 MinParticleSize = getNumber("Minimum Particle Size", 4);

2 tint = getNumber("Integration time", 80);

3 file = getTitle();

4 selectWindow(file);

5 run("8-bit");

6 Stack.getStatistics(count, mean, min, max, std);

7 HWHM = (0.5*6.07*std);

8 minima = (mean+HWHM);

9 setAutoThreshold("Default dark stack");

10 setThreshold(minima, 255);

11 selectWindow(file);

12 makeRectangle(1, 1, 511, 511);

13 run("Set Measurements...", " center limit redirect=None decimal=2");

14 run("Analyze Particles...", "size=MinParticleSize-Infinity circularity=0.00-1.00 show=

↪→ Nothing display slice");

15 xr = getResult("XM", 0);

16 yr = getResult("YM", 0);

17 makeRectangle(xr-15, yr-15, 30,30);

18 run("Duplicate...", "title=[file] duplicate range=1-1000000");

19 rename("Trajectory Movie1");

20 selectWindow("Trajectory Movie1");

21 makeRectangle(0, 0, 8, 8);

22 makeRectangle(0, 0, 2, 2);

23 Stack.getStatistics(count, mean, min, max, std);

24 Thr = ((2*std)+mean);

25 Thr = (Thr+ 20);

26 selectWindow("Results");
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27 IJ.renameResults("Particle Coords");

28 selectWindow("Trajectory Movie1");

29 makeRectangle(13,13, 6, 6);

30 //run("Smooth", "stack");

31 run("Set Measurements...", " mean slice limit redirect=None decimal=2");

32 run("Plot Z-axis Profile");

33 selectWindow("Trajectory Movie1-13-13");

34 run("Close");

35 selectWindow("Results");

36 Slice = newArray(nResults);

37 Mean = newArray(nResults);

38 Time = newArray(nResults);

39 for (c=0; c<=nResults-1; c++) {

40 Slice [c] = getResult("Slice", c);

41 Mean [c] = getResult("Mean", c);

42 Time [c] = ((Slice [c]*tint)/1000);

43 }

44 Plot.create("ON.OFF Profile ", "Time (s)", "Intensity (arb.units)", Time, Mean);

45 Plot.addText("ON/OFF Profile" ,0, 0);

46 Plot.show();

47 selectWindow("Trajectory Movie1");

48 makeRectangle(13, 13, 6, 6);

49 run("Histogram", "bins=256 use x_min=0 x_max=255 y_max=Auto stack");

50 selectWindow("Trajectory Movie1");

51 makeRectangle(13, 13, 6, 6);

52 Stack.getStatistics(count, mean, min, max, std);

53 diff = (256/(max-min));

54 min = abs(min);

55 Threshold1 = (Thr-min);

56 xcoords = ((Threshold1*diff)+20);

57 selectWindow("Histogram of Trajectory");

58 makeArrow(xcoords, 50, xcoords, 141);

59 function makeArrow(x,y,x1,y1) {

60 eval(’script’,’img = IJ.getImage(); a= Arrow(’+x+’,’+y+’,’+x1+’,’+y1+’); img.setRoi(a)

↪→ ; ’);

61 }

62 run("Draw");

63 setFont("SansSerif", 18, " antialiased");

64 makeText("Thr", xcoords-15, 27);

65 run("Draw");

66 makeLine(300, 3, 300, 4);

67 selectWindow("Histogram of Trajectory");
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68 selectWindow("Results");

69 for (jlm=0; jlm<=nResults-1; jlm++) {

70 Trace = getResult("Mean", jlm);

71 if (Trace>Thr) {

72 setResult("Binary", jlm, 1);

73 }

74 if (Trace<Thr) {

75 setResult("Binary", jlm, 0);

76 }}

77 selectWindow("Histogram of Trajectory");

78 run("Close");

79 selectWindow("ON.OFF Profile ");

80 run("Close");

81 selectWindow("Results");

82 IJ.renameResults("Results2");

83 selectWindow("Particle Coords");

84 IJ.renameResults("Results");

85 mx = getResult("XM", 1);

86 my = getResult("YM", 1);

87 selectWindow(file);

88 makeRectangle(mx-15, my-15, 30,30);

89 run("Duplicate...", "title=[file] duplicate range=1-1000000");

90 rename("Trajectory Movie2");

91 selectWindow("Results");

92 run("Close");

93 selectWindow("Results2");

94 IJ.renameResults("Results");

95 PAG = nResults;

96 for (o=0; o<=PAG-1; o++) {

97 Bin = getResult("Binary",o);

98 if (Bin == 1) {

99 selectWindow("Trajectory Movie1");

100 Slice = getResult("Slice", o);

101 setSlice(Slice);

102 run("Find Maxima...", "noise=10000000 output=[Point Selection]");

103 getSelectionCoordinates(x, y);

104 x = x [0];

105 y = y [0];

106 setResult("XCoord",o, x);

107 setResult("YCoord",o, y);

108 selectWindow("Trajectory Movie2");

109 Slice = getResult("Slice", o);
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110 setSlice(Slice);

111 run("Find Maxima...", "noise=10000000 output=[Point Selection]");

112 getSelectionCoordinates(x, y);

113 x1 = x [0];

114 y1 = y [0];

115 setResult("XCoord1",o, x1);

116 setResult("YCoord1",o, y1);

117 }}

118 for (z=0; z<=nResults-1; z++) {

119 setResult("InitialX", z, xr);

120 setResult("InitialY", z, yr);

121 setResult("InitialX1", z, mx);

122 setResult("InitialY1", z, my);

123 InitialX = getResult("InitialX", 1);

124 InitialX1 = getResult("InitialX1", 1);

125 globalshift = InitialX1-InitialX;

126 edgeshift = globalshift - 30;

127 setResult("GlobalShift", 0, globalshift);

128 setResult("GlobalShift", z, globalshift);

129 setResult("EdgeShift", z, edgeshift);

130 }

131

132 IJ.deleteRows(0,0);

133 for (e=0; e<=nResults-1; e++) {

134 k = getResult("Binary", e);

135 if (k == 1) {

136 xres = getResult("XCoord", e);

137 xres2 = getResult("XCoord1", e);

138 es= getResult("EdgeShift", e);

139 FinalShift = xres + xres2 + es;

140 setResult("FinalShift", e, FinalShift);

141 }}

142 for (w=0; w<=nResults-1; w++) {

143 slice = getResult("Slice", w);

144 time = (slice*tint)/1000;

145 setResult("Time (s)", w,time);

146 }

147 gradient = 0.5966;

148 Intercept = -7.5404;

149 for (i=0; i<=nResults-1; i++) {

150 y = getResult("FinalShift", i);

151 wavelength = (y-Intercept)/gradient;
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152 setResult("Wavelength", i, wavelength);

153 }

154 Totalon = 0;

155 for (nTally=0; nTally<=nResults-1; nTally++) {

156 Tally = getResult("Binary", nTally);

157 if (Tally>0) {

158 Totalon = (Totalon+1);

159 }}

160 vv = 0;

161 vv = abs(vv);

162 mm = 0;

163 mm = abs(mm);

164 rr = 0;

165 rr = abs(rr);

166 AllRes = nResults;

167 selectWindow("Results");

168 do {

169 vv = getResult("Binary", mm);

170 vv = abs(vv);

171 if (vv>0) {

172 mm = (mm+1);

173 mm = abs(mm);

174 }

175 if (vv==0) {

176 IJ.deleteRows(mm, mm);

177 rr= rr+1;

178 }}

179 while (vv==0 || vv>0 && mm+1<=Totalon);

180 IJ.deleteRows(Totalon, nResults);

181 Wavelength = newArray(nResults);

182 Time = newArray(nResults);

183 for (c=0; c<=nResults-1; c++) {

184 Wavelength [c] = getResult("Wavelength", c);

185 Time [c] = getResult("Time (s)", c);

186 }

187 Plot.create("Blue shift ", "Time (s)", "Wavelength (nm)", Time, Wavelength);

188 Plot.addText("Blue shift profile" ,0, 0);

189 Plot.show();
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A.7 Gillespie algorithm

A.7.1 AB pseudo first order reaction

The following macro simulates the simple bimolecular reaction of molecule A reacting with

molecule B to form the dimer AB. The reaction is a pseudo first order reaction with respect

to monomer B where A is chosen as being in excess. The forward rate constant is set as

20 M−1 s−1 and the reverse rate constant is fixed as 1 s−1. The initial number of monomers

were input as [A]0 = 2× 106, [B]0 = 1× 105 and [AB]0 = 0. Lastly, the macro extracts the

data from the temporal evolution of monomer B to generate a linear plot in accordance

with the functional form of the integrated rate law. The rate equation is given by

r = k[A][B] = k′[B] (A.1)

− d[B]

dt
= k′[B] (A.2)

[B] = [B]0e
−k′t ln[B] = ln[B]0 − k′t (A.3)

1 Ao = 2000000;

2 Bo = 100000;

3 ABo = 0;

4 t=0;

5 tau=0;

6 sims = getNumber("Total Steps", 97000);

7 kForward = 20;

8 kReverse = 1;

9 for(i = 0; i < sims; i++) {

10 ForwardRate = Ao*Bo*kForward;

11 ReverseRate = ABo*kReverse;

12 TotalRate = ForwardRate+ReverseRate;

13 ProbForward = ForwardRate/TotalRate;

14 ProbReverse = 1-(ForwardRate/TotalRate);

15 RN = random();

16 RN2 = random();

17 if(RN<=ProbForward){

18 setResult("RN", i, RN);

19 setResult("ProbForward", i, ProbForward);

20 setResult("A", i, Ao-1);

21 setResult("B", i, Bo-1);

22 setResult("AB", i, ABo+1);
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23 setResult("Time", i, t);

24 Ao=Ao-1;

25 Bo=Bo-1;

26 ABo= ABo+1;

27 t=t+tau;

28 tau= (-log(RN2))/TotalRate;

29 }

30 if(RN>=ProbForward){

31 setResult("A", i, Ao+1);

32 setResult("B", i, Bo+1);

33 setResult("AB", i, ABo-1);

34 setResult("Time", i, t);

35 Ao=Ao+1;

36 Bo=Bo+1;

37 ABo= ABo-1;

38 t=t+tau;

39 tau= (-log(RN2))/TotalRate;

40 }

41 }

42 for(n = 0; n<= nResults-1; n++) {

43 A=getResult("A", n);

44 B=getResult("B", n);

45 AB=getResult("AB", n);

46 setResult("1/A", n, log(A/B));

47 setResult("1/B", n, log(B));

48 setResult("1/AB", n, 1/AB);

49 }

50 run("Summarize");

51 Ayminima = getResult("A", nResults-2);

52 Aymaxima = getResult("A", nResults-1);

53 A1yminima = getResult("1/A", nResults-2);

54 A1ymaxima = getResult("1/A", nResults-1);

55 Byminima = getResult("B", nResults-2);

56 Bymaxima = getResult("B", nResults-1);

57 B1yminima = getResult("1/B", nResults-2);

58 B1ymaxima = getResult("1/B", nResults-1);

59 AByminima = getResult("AB", nResults-2);

60 ABymaxima = getResult("AB", nResults-1);

61 AB1yminima = getResult("1/AB", nResults-2);

62 AB1ymaxima = getResult("1/AB", nResults-1);

63 Axminima = getResult("Time", nResults-2);

64 Axmaxima = getResult("Time", nResults-1);
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65 A1xminima = getResult("Time", nResults-2);

66 A1xmaxima = getResult("Time", nResults-1);

67 Bxminima = getResult("Time", nResults-2);

68 Bxmaxima = getResult("Time", nResults-1);

69 B1xminima = getResult("Time", nResults-2);

70 B1xmaxima = getResult("Time", nResults-1);

71 ABxminima = getResult("Time", nResults-2);

72 ABxmaxima = getResult("Time", nResults-1);

73 AB1xminima = getResult("Time", nResults-2);

74 AB1xmaxima = getResult("Time", nResults-1);

75 IJ.deleteRows(nResults-4, nResults-1);

76 Afitxon = newArray(nResults);

77 Afityon = newArray(nResults);

78 for (fitting=0; fitting<=nResults-1; fitting++){

79 Afitxon [fitting] = getResult("Time", fitting);

80 Afityon [fitting] = getResult("A", fitting);

81 }

82 Plot.create("A Monomer ", "Time (s)", "Molecules");

83 Plot.setLimits(Axminima, Axmaxima, Ayminima, Aymaxima);

84 Plot.add("line", Afitxon, Afityon);

85 Plot.show();

86 Bfitxon = newArray(nResults);

87 Bfityon = newArray(nResults);

88 for (fitting=0; fitting<=nResults-1; fitting++){

89 Bfitxon [fitting] = getResult("Time", fitting);

90 Bfityon [fitting] = getResult("B", fitting);

91 }

92 Plot.create("B Monomer ", "Time (s)", "Molecules");

93 Plot.setLimits(Bxminima, Bxmaxima, Byminima, Bymaxima);

94 Plot.add("line", Bfitxon, Bfityon);

95 Plot.show();

96 B1fitxon = newArray(nResults);

97 B1fityon = newArray(nResults);

98 for (fitting=0; fitting<=nResults-1; fitting++){

99 B1fitxon [fitting] = getResult("Time", fitting);

100 B1fityon [fitting] = getResult("1/B", fitting);

101 }

102 Plot.create("ln B Monomer", "Time (s)", "ln B Molecules");

103 Plot.setLimits(B1xminima, B1xmaxima, B1yminima, B1ymaxima);

104 Plot.add("line", B1fitxon, B1fityon);

105 Plot.show();

106 ABfitxon = newArray(nResults);
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107 ABfityon = newArray(nResults);

108 for (fitting=0; fitting<=nResults-1; fitting++){

109 ABfitxon [fitting] = getResult("Time", fitting);

110 ABfityon [fitting] = getResult("AB", fitting);

111 }

112 Plot.create("AB Dimer ", "Time (s)", "Molecules");

113 Plot.setLimits(ABxminima, ABxmaxima, AByminima, ABymaxima);

114 Plot.add("line", ABfitxon, ABfityon);

115 Plot.show();

A.7.2 Competitive reaction pathway

As a further example, the following macro simulates a more complex reaction whereby

molecules of A decompose into both product B and C with different respective rate con-

stants. Here, the initial number of A monomers was input as [A]0 = 1 × 105 where some

product B [B]0 = 1 × 104 and C [C]0 = 1 × 104 had already formed. The rate constant

for the formation of B was set to 20 s−1 whilst the rate constant for the production of C

was chosen as 10 s−1. Rate constants for the reverse reaction were both set equal to 1 s−1.

The rate expressions for the system may be summarised as

r = k1[A] + k2[A] (A.4)

− d[A]

dt
= (k1 + k2)[A] (A.5)

[A] = [A]0e
−(k1+k2)t ln[A] = ln[A]0 − (k1 + k2)t (A.6)

1 Ao = 100000;

2 ABo = 10000;

3 ACo = 10000;

4 t=0;

5 tau=0;

6 sims = getNumber("Total Steps", 159000);

7 kForward = 20;

8 k1Forward =10;

9 kReverse = 1;

10 k1Reverse = 1;

11 for(i = 0; i < sims; i++) {

12 ForwardRate = Ao*kForward;

13 ForwardRate1 = Ao*k1Forward;

14 ReverseRate = ABo*kReverse;
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15 ReverseRate1 = ACo*k1Reverse;

16 TotalRate = ForwardRate+ReverseRate+ForwardRate1+ReverseRate1;

17 TotalRate1 = ForwardRate1+ReverseRate1+ForwardRate+ReverseRate;

18 ProbForward = ForwardRate/TotalRate;

19 ProbForward1 = (ForwardRate1/TotalRate1)+ProbForward;

20 ProbReverse = (ReverseRate/TotalRate)+ProbForward1;

21 ProbReverse1 = (ReverseRate1/TotalRate1)+ProbReverse;

22 RN = random();

23 RN2 = random();

24 if(RN<=ProbForward){

25 setResult("RN", i, RN);

26 setResult("ProbForward", i, ProbForward);

27 setResult("A", i, Ao-1);

28 setResult("AB", i, ABo+1);

29 setResult("Time", i, t);

30 Ao=Ao-1;

31 ABo= ABo+1;

32 t=t+tau;

33 tau= (-log(RN2))/TotalRate;

34 }

35 if(RN>ProbForward && RN<=ProbForward1){

36 setResult("RN", i, RN);

37 setResult("ProbForward1", i, ProbForward1);

38 setResult("A", i, Ao-1);

39 setResult("AC", i, ACo+1);

40 setResult("Time", i, t);

41 Ao=Ao-1;

42 ACo= ACo+1;

43 t=t+tau;

44 tau= (-log(RN2))/TotalRate;

45 }

46 if(RN>ProbForward1 && RN<=ProbReverse){

47 setResult("A", i, Ao+1);

48 setResult("AB", i, ABo-1);

49 setResult("Time", i, t);

50 Ao=Ao+1;

51 ABo= ABo-1;

52 t=t+tau;

53 tau= (-log(RN2))/TotalRate;

54 }

55 if(RN>ProbReverse && RN<=ProbReverse1){

56 setResult("A", i, Ao+1);
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57 setResult("AC", i, ACo-1);

58 setResult("Time", i, t);

59 Ao=Ao+1;

60 ACo= ACo-1;

61 t=t+tau;

62 tau= (-log(RN2))/TotalRate;

63 }

64 }

65 run("Summarize");

66 Ayminima = getResult("A", nResults-2);

67 Aymaxima = getResult("A", nResults-1);

68 Axminima = getResult("Time", nResults-2);

69 Axmaxima = getResult("Time", nResults-1);

70 AByminima = getResult("AB", nResults-2);

71 ABymaxima = getResult("AB", nResults-1);

72 ABxminima = getResult("Time", nResults-2);

73 ABxmaxima = getResult("Time", nResults-1);

74 ACyminima = getResult("AC", nResults-2);

75 ACymaxima = getResult("AC", nResults-1);

76 ACxminima = getResult("Time", nResults-2);

77 ACxmaxima = getResult("Time", nResults-1);

78 IJ.deleteRows(nResults-4, nResults-1);

79 Afitxon = newArray(nResults);

80 Afityon = newArray(nResults);

81 for (fitting=0; fitting<=nResults-1; fitting++){

82 Afitxon [fitting] = getResult("Time", fitting);

83 Afityon [fitting] = getResult("A", fitting);

84 }

85 Plot.create("A Monomer ", "Time (s)", "Molecules");

86 Plot.setLimits(Axminima, Axmaxima, Ayminima, Aymaxima);

87 Plot.add("line", Afitxon, Afityon);

88 Plot.show();

89 selectWindow("Results");

90 for(Res=0; Res<=nResults-1; Res++) {

91 Num=getResult("AC", Res);

92 if(Num==0){

93 New=getResult("AC", Res-1);

94 setResult("AC", Res, New);

95 }

96 }

97 selectWindow("Results");

98 for(Res=0; Res<=nResults-1; Res++) {
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99 Num=getResult("AB", Res);

100 if(Num==0){

101 New=getResult("AB", Res-1);

102 setResult("AB", Res, New);

103 }

104 }

105 selectWindow("Results");

106 IJ.deleteRows(0, 0);

107 ABfitxon = newArray(nResults);

108 ABfityon = newArray(nResults);

109 for (fitting=0; fitting<=nResults-1; fitting++){

110 ABfitxon [fitting] = getResult("Time", fitting);

111 ABfityon [fitting] = getResult("AB", fitting);

112 }

113 Plot.create("AB Product ", "Time (s)", "Molecules");

114 Plot.setLimits(ABxminima, ABxmaxima, AByminima, ABymaxima);

115 Plot.add("line", ABfitxon, ABfityon);

116 Plot.show();

117 ACfitxon = newArray(nResults);

118 ACfityon = newArray(nResults);

119 for (fitting=0; fitting<=nResults-1; fitting++){

120 ACfitxon [fitting] = getResult("Time", fitting);

121 ACfityon [fitting] = getResult("AC", fitting);

122 }

123 Plot.create("AC Product ", "Time (s)", "Molecules");

124 Plot.setLimits(ACxminima, ACxmaxima, ACyminima, ACymaxima);

125 Plot.add("line", ACfitxon, ACfityon);

126 Plot.show();



Appendix B

I-CCD calibration protocol

The I-CCD was characterised using the mean-variance method.374,375 Flat-field effects

were first corrected for by image subtraction as shown by Figure B.1. The flat-field effect

originates from differences in pixel-to-pixel sensitivity within the CCD architecture. Image

subtraction results in the removal of this frame invariant source of inhomogeneity. Failure

to account for flat-field effects will have ramifications on the estimated camera sensitivity.

(BF1+BF2)/2 Bias Mean Intensity 
Corrected

=-

Figure B.1: Flat-field correction procedure. Image pairs, BF1 and BF2, were acquired at a
constant illumination level and the camera exposure time was set to zero ms. The image pairs
were added together and divided by two. A bias frame was subtracted to produce the flat-field
corrected image.

Image pairs of the same coverslip region were collected at increasing illumination levels

from a tungsten lamp. A bias frame was collected by setting the exposure time to zero ms

and capturing in darkness. Post-acquisition image processing was performed by firstly

correcting the intensity of the bright-field image pairs, BF1 and BF2. This was achieved

by multiplying one image of the pair by a constant so as not to alter the flat-field pattern.

Summation of the image pair and division by a factor of two yields the average intensity.

The corrected mean intensity was finally calculated by subtraction of the bias frame. The

variance was determined from the standard deviation of the bright flat-field corrected

difference image as shown by Figure B.2. The image subtraction procedure induces a

doubling of the standard deviation hence it is necessary to halve the output

Variance =
DIσ2

2
(B.1)

where the difference image standard deviation is given by DIσ. A plot of the mean corrected

intensity value against the variance reports the camera gain factor from the linear gradient.
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BF1 BF2 DI

=-

Figure B.2: The result of image subtraction of BF2 from BF1. The standard deviation of the
difference image was converted to variance by employing Equation B.1.

This may be understood by considering the relationship between signal and noise

Se =
C

G
× Sc (B.2)

Ne =
C

G
×Nc (B.3)

where Se and Ne represent the signal and noise in electron units respectively. The cor-

responding Sc and Nc represent signal and noise in counts. Total noise is expressed by in

quadrature addition of separate noise sources

N2
e = δ2

read + δ2
shot (B.4)

where the shot noise is related to the signal value by

δ2
shot = Se =

C

G
× Sc (B.5)

substitution of Equation B.5 into Equation B.4 reveals the linear solution which was used

to calculate the conversion factor.(
C

G
×Nc

)2

=
C

G
× Sc +

(
C

G
×Rc

)2

(B.6)

Lastly, we multiply through by (G/C)2 to arrive at

N2
c =

G

C
× Sc +R2

c (B.7)



Appendix C

Nanoparticle empirical relationships

Empirical fitting functions adapted from Peng et al.70 The following are appropriate for

CdTe NPs. The diameter is given by

D = (9.8127× 10−7)λ3 − (1.7147× 10−3)λ2 + (1.0064)λ− (194.84) (C.1)

where λ is the first exciton absorption wavelength (nm). The molar extinction coefficient

is expressed by Equations C.2 and C.3.

ε = 10043(D)2.12 (C.2)

ε = 3450∆E(D)2.4 (C.3)

In the case of CdS NPs the diameter is given by

D = (−6.6521× 10−8)λ3 + (1.9557× 10−4)λ2 − (9.2352× 10−2)λ+ (13.29) (C.4)

where the molar extinction coefficient is given by

ε = 21536(D)2.3 (C.5)

ε = 5500∆E(D)2.5 (C.6)



Appendix D

Derivations

D.1 The wave equation

Beginning with the Maxwell-Faraday relation

∇×E = −∂B

∂t
(D.1)

and employing the curl operator and the vector triple product identity given by Equation

D.3 we form Equation D.4.

∇× (∇×E) = ∇×
(
−∂B

∂t

)
(D.2)

A× (B×C) = B(A ·C)−C(A ·B) (D.3)

∇(∇ ·E)−∇2E = − ∂

∂t
(∇×B) (D.4)

The Maxwell-Ampère equation states

∇×B = µ0J + µ0ε0
∂E

∂t
(D.5)

where J and (∇·E) are zero in a vacuum with no source charges. Substitution of Equation

D.5 into Equation D.4 yields the wave equation

−∇2E = − ∂

∂t

(
µ0ε0

∂E

∂t

)
(D.6)

µ0ε0 =
1

c2
(D.7)

c =
1

√
µ0ε0

= 2.998× 108 m s−1 (D.8)

where the terms µ0 and ε0 represent the permeability and permittivity of free space re-

spectively. Further treatment generates

∇2E− 1

c2

∂

∂t

∂

∂t
E = 0 (D.9)
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∇2E− 1

c2

∂2

∂t2
E = 0 (D.10)

c2∇2E =
∂2

∂t2
E (D.11)

where Equation D.11 is the general wave equation. It may be shown more simply as

�E = 0 (D.12)

where � is the d’Alembert operator which is the Laplace operator ∇2 of Minkowski space.

Similar treatment for the magnetic component gives Equation D.13.

�B = 0 (D.13)

The d’Alembert operator is short for

� =
1

c2

∂2

∂t2
−∇2 (D.14)

where the Laplace operator is

∇2 =

(
∂2

∂x2
1

, ...,
∂2

∂x2
n

)
(D.15)

∇ =

(
∂

∂x1
, ...,

∂

∂xn

)
(D.16)

D.2 Wave equation solutions

The wave equation has electric field solutions of the form

E(x, t) = E0cos(kx− ωt+ φ) (D.17)

E(y, t) = E0cos(ky − ωt+ φ) (D.18)

E(z, t) = E0cos(kz − ωt+ φ) (D.19)

and similarly solutions for the magnetic field take the form

B(x, t) = B0cos(kx− ωt+ φ) (D.20)

B(y, t) = B0cos(ky − ωt+ φ) (D.21)

B(z, t) = B0cos(kz − ωt+ φ) (D.22)
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where E is the wave magnitude at a given point in space and time, E0 is the peak amplitude,

k is the wave number, ω is angular frequency and φ is the phase shift. Taking the curl of

the electric field gives

∇×E(x, t) =

∣∣∣∣∣∣∣∣
i j k
∂
∂x

∂
∂y

∂
∂z

0 E(x, t) 0

∣∣∣∣∣∣∣∣ = ∂E
∂x k

where the determinant was evaluated using the rule of Sarrus. Taking the partial derivative

of Equation D.23 given below

∂

∂x
E0cos(kx− ωt+ φ) (D.23)

and employing the chain rule to solve Equation D.23 gives Equation D.26.

∂

∂x
E0cos(kx− ωt+ φ) = E0(−sin(kx− ωt+ φ))

∂

∂x
kx− ωt+ φ (D.24)

E0(−sin(kx− ωt+ φ))k(1− 0 + 0) (D.25)

− kE0sin(kx− ωt+ φ) (D.26)

A similar treatment for B with respect to time gives

∂B

∂t
= ωB0sin(kx− ωt+ φ) (D.27)

this may then be substituted into the Maxwell-Faraday law in Equation D.1.

− kE0sin(kx− ωt+ φ) = −ωB0sin(kx− ωt+ φ) (D.28)

E0 =
ω

k
B0 (D.29)

∴
E0

B0
=
ω

k
(D.30)

This is a crucial point in the theory of electromagnetic wave propagation. The simple

relationship demonstrates that the ratio between the electric field amplitude, E, and the

magnetic field amplitude, B, is constant.

D.3 Complex exponential solutions

The previous plane wave solutions state that

E(x, t) = E0cos(kx− ωt+ φ) (D.31)
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this may be reformulated more generally for an arbitrary direction as

E(r, t) = E0cos(k · r− ωt+ φ) (D.32)

where k and r define the wave vector and position vector. Euler’s formula states that

eix = cosx+ isinx (D.33)

where employing Euler’s equation for the real part of Equation D.32 generates Equation

D.34.

E(r, t) = E0e
i(k·r−ωt+φ) (D.34)

Using this complex exponential plane wave solution in Equation D.11 gives

∇2E(r, t) = E0∇2ei(k·r−ωt+φ) = −k2E0e
i(k·r−ωt+φ) (D.35)

which from Equation D.35 simply gives Equation D.36.

− k2E0e
i(k·r−ωt+φ) = −k2E(r, t) = ∇2E(r, t) (D.36)

From Equation D.11 we see that

− k2E(r, t) = µ0ε0
∂2

∂t2
E(r, t) (D.37)

which ultimately yields the dispersion relation, which considers the relation between the

wave vector and the angular frequency as given by Equation D.38.

k2 = ω2µ0ε0 (D.38)

In order to show the mutual orthogonality of the electromagnetic wave recall that

∇ ·E = 0 (D.39)

∇ ·B = 0 (D.40)

where the divergence of the electric field is expressed by Equation D.41.

∇ ·E =
∂Ex

∂x
+
∂Ey

∂y
+
∂Ez

∂z
=
∂Er

∂r
(D.41)
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Again, using the plane wave solution in complex exponential form and considering only

the Er component
∂

∂r
E0e

i(k·r−ωt+φ) = ikE0e
i(k·r−ωt+φ) = ikE (D.42)

it then follows that

∇ ·E = ik ·E = 0 (D.43)

where taking the real parts yields Equation D.44.

k ·E = 0 (D.44)

This key equation shows the wave vector, k, and electric field, E, are orthogonal. The

magnetic field has solutions of the form

B = B0e
i(k·r−ωt+φ) (D.45)

where the first derivative is then calculated with respect to time and yields

∂B

∂t
= −iωB0e

i(k·r−ωt+φ) = −iωB (D.46)

in the final step we can see that the electric and magnetic fields are orthogonal to each

other using Equation D.47.

∇×E = −∂B

∂t
(D.47)

∴ ik×E = iωB = k×E = ωB (D.48)

Evanescent waves exhibit different solutions to Maxwell’s equations. Consider the disper-

sion relation previously derived D.38

k2 = k2
x + k2

y + k2
z = ω2µ0ε0 (D.49)

the wave propagating in the z-component may be expressed as

kz =

√
ω2

c2
− (k2

x + k2
y) (D.50)

where if (k2
x + k2

y) > (ω/c2) then kz becomes imaginary with solutions in the form of

Equation D.51.

E(r, t) = Re[E0e
±i(kxx+kyy)−iωt]e∓|kz |z (D.51)

These equations are of special relevence when designing fluorescence experiments. The

excitation of oriented dipoles may be forbidden and consequently excitation sources must

be circularly polarised to ensure excitation of the specimen.
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Experimentally, the polarised laser intensity was measured using both quarter- and half-

wave Fresnel rhomb wave retarders as depicted in Figure D.1. Circular polarisation of the

excitation light was confirmed by passing the light through a polarisation filter at different

angles and measuring the transmitted intensity.
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Figure D.1: Laser radiation was circularly and p-polarised via a single and dual Fresnel rhomb
array in turn. Circularly polarised light intensity (red) was rotationally invariant to the polarisation
filter. Conversely, p-polarised light (black) exhibited strong sinusoidal attenuation. Images were
obtained by passing the resulting light through a diffusive surface.

D.4 The Helmholtz equation

Thus far only a single spatial dimension has been considered. Here (r) is introduced to

describe 3-dimensional space. It is now necessary to separate the variables (r, t) as

E(r, t) = R(r)T (t) (D.52)

splitting the partial differential equation (PDE) D.10 into two second order ordinary dif-

ferential equations (ODEs) we obtain

∂2E

dt2
= R(r)T ′′(t) =

d2

dt2
R(r)T (t) (D.53)

∂2E

dr2
= R′′(r)T (t) =

d2

dr2
R(r)T (t) = ∇2R(r)T (t) (D.54)
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rearrangement of Equation D.10 to produces

c2∇2E =
∂2

∂t2
E (D.55)

using the two second order ODEs we may then substitute into Equation D.55.

c2∇2R(r)T (t) =
d2

dt2
R(r)T (t) (D.56)

Employing the relations in Equations D.53 and D.54 gives

c2∇2R(r)
1

R(r)
=

1

T (t)

d2

dt2
T (t) (D.57)

where the Helmholtz equation for the spatial variable is then

∇2R(r)
1

R(r)
=

1

c2T (t)

d2

dt2
T (t) (D.58)

∇2R(r)
1

R(r)
= −ω2 (D.59)

(∇2 + ω2)R(r) = 0 (D.60)

similar treatment for the time variable leads to a second order ODE

1

c2T (t)

d2

dt2
T (t) = −k2 (D.61)

d2

dt2
T (t) = −k2c2T (t) (D.62)

ω = kc (D.63)

d2

dt2
T (t) = −ω2T (t) (D.64)

d2

dt2
T (t) + ω2T (t) = 0 (D.65)

D.5 Fermat’s principle and Snell’s law

A simple proof exists to confirm Snell’s law. It is constructed using Fermat’s principle

of least time.376 Firstly, the law of reflection may be shown by considering Pythagoras’s

theorem and Figure D.2.
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The time taken to traverse points (A−P−B) is simply given by

t =

√
x2 + h2

1

c
+

√
(l − x)2 + h2

2

c
(D.66)

where c is taken as the speed of light. Figure D.2 highlights the geometry of the problem

outlined by Equation D.66.
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1 2

Figure D.2: Ray diagram of an incident beam A−P being reflected at an angle of θ2 toward
point B. Exploiting the displayed simple geometrical relationships it is simple to extract the law
of reflection.

To satisfy Fermat’s principle the time derivative is set to zero

dt

dx
= 0 (D.67)

1

c

d

dx

√
x2 + h2

1 +
√

(l − x)2 + h2
2 = 0 (D.68)

employing the chain rule to solve Equation D.68 gives

1

2
(x2 + h2

1)−1/2 × 2x (D.69)

x

c
√
x2 + h2

1

(D.70)

similarly for the second term we form Equation D.72.

1

2
((l − x)2 + h2

1)−1/2 ×−2(l − x) (D.71)

− (l − x)

c
√

(l − x)2 + h2
2

(D.72)

Combining Equation D.72 and Equation D.70 generates

x

c
√
x2 + h2

1

− (l − x)

c
√

(l − x)2 + h2
2

= 0 (D.73)
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where cancelling terms and realising simple trigonometric identities yields

sinθ1 = sinθ2 ⇒ θ1 = θ2 (D.74)

which is of course the law of reflection. A similar treatment for refracted light may be used

to arrive at Snell’s law from Figure D.3.
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Figure D.3: Ray diagram of an incident beam A−P being refracted at an angle of θ2 toward
point B. It is necessary to consider how the speed of light changes since it propagates through the
glass, n1, and air, n2, at different velocities, where n1 and n2 are the refractive indexes of the two
media.

Here the path length of (A−P−B) is divided by the attenuated speed of light.

t =

√
x2 + h2

1

c/n1
+

√
(l − x)2 + h2

2

c/n2
(D.75)

Setting the time derivative to zero yields Snell’s law

n1x

c
√
x2 + h2

1

=
n2(l − x)

c
√

(l − x)2 + h2
2

(D.76)

n1sinθ1 = n2sinθ2 (D.77)

D.6 Optical efficiency and solid angles

An isotropic light source radiates in all directions and may be approximated to spherical

emitter

ΩSphere =

∫ 2π

φ=0

∫ π

θ=0
sinθdθdφ (D.78)

evaluating the above integral gives∫ π

θ=0
sinθdθ = −cosθ + c (D.79)
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lim
θ→0
−cosθ + c = −1 + c (D.80)

lim
θ→π
−cosθ + c = 1 + c (D.81)

∴ 1 + c− (−1 + c) = 2 (D.82)

where integration of the φ component generates Equation D.86.

∫ 2π

φ=0
2dφ = 2φ+ c (D.83)

lim
φ→0

2φ+ c = 0 + c = c (D.84)

lim
φ→2π

2φ = 4π + c (D.85)

ΩSphere = 4π + c− (0 + c) = 4π (D.86)

The solid angle subtended by the objective lens, ΓObjective, may be understood by a

similar treatment

ΓObjective =

∫ 2π

φ=0

∫ θ

θ=0
sinθdθdφ (D.87)

ΓObjective =

∫ θ

θ=0
sinθdθ = −cosθ + c (D.88)

lim
θ→θ
−cosθ + c = −cosθ + c (D.89)

lim
θ→0
−cosθ + c = −1 + c (D.90)

− cosθ + c− (−1 + c) = 1− cosθ (D.91)

evaluating the integral given by Equation D.87 for the φ component produces

∫ 2π

φ=0
1dφ = φ (D.92)

lim
φ→2π

φ = 2π + c (D.93)

lim
φ→0

φ = 0 + c = c (D.94)

2π + c− (0 + c) = 2π (D.95)

ΓObjective = 2π(1− cosθ) (D.96)
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D.7 Effective density of states

To ascertain the effective density of states we must evaluate the following integral

Nc =

∫ ∞
Ec

Pe(E)ρ(E)dE (D.97)

where ρ(E) is determined from the DoS solutions for a 3D bulk semiconductor

ρ(E) =

(
1

2π2

)(
2m

~2

)3/2√
E (D.98)

and the F-D distribution states

Pe(E) =
1

1 + e
(E−µ)/kBT

(D.99)

substituting into Equation D.97 and removing constants from the integral we obtain

Nc =

(
1

2π2

)(
2m

~2

)3/2 ∫ ∞
Ec

1

1 + e(E−µ)/kBT

√
E − EcdE (D.100)

Nc = A

∫ ∞
Ec

1

1 + e
(E−µ)/kBT

√
E − EcdE (D.101)

where employing the Boltzmann approximation (E − µ) >> kBT produces

Nc ' A
∫ ∞
Ec

e
−(E−µ)/kBT

√
E − EcdE (D.102)

and (E − µ) = (E − Ec) + (Ec − Ef) yields Equation D.104.

Nc ' A
∫ ∞
Ec

e
−[(E−Ec)+(Ec−Ef)]/kBT

√
E − EcdE (D.103)

Nc ' Ae
−(Ec−Ef)/kBT

∫ ∞
Ec

e
−(E−Ec)/kBT

√
E − EcdE (D.104)

It is now necessary to make a number of substitutions. Letting (E − Ec)/kBT = x,

dE = kBTdx and E = Ec + xkBT produces

Nc ' Ae
−(Ec−Ef)/kBT

∫ ∞
Ec

e−x
√
Ec + xkBT − EckBTdx (D.105)

Nc ' Ae
−(Ec−Ef)/kBT

∫ ∞
Ec

e−x
√
xkBTkBTdx (D.106)
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Nc ' Ae
−(Ec−Ef)/kBT

∫ ∞
Ec

e−x
√
xkBTkBTdx (D.107)

Nc ' Ae
−(Ec−Ef)/kBT

∫ ∞
Ec

e−x
√
x(kBT )3/2dx (D.108)

Nc ' A(kBT )3/2e
−(Ec−Ef)/kBT

∫ ∞
Ec

e−x
√
xdx (D.109)

thus generating the Euler integral of the second kind

Nc ' A(kBT )3/2e
−(Ec−Ef)/kBT

∫ ∞
Ec

e−xx(1.5−1)dx (D.110)

which is solved by employing the standard gamma function relation where z = 3/2 gives

Γ(z) =

∫ ∞
Ec

e−xx(1.5−1)dx (D.111)

Γ

(
3

2

)
=

1

2

√
π (D.112)

this produces

Nc =

(
1

2π2

)(
2me
~2

)3/2 (
kBT

)3/2
e
−
(
Ec−Ef

)
/kBTΓ

(
3

2

)
(D.113)

where absorbing the constants into nc yields Equation D.114.

Nc = nce
−
(
Ec−Ef

)
/kBT (D.114)

For completion the parameter, nc, may be simplified to yield effective DoS

nc =

(
1

2π2

)(
2me
~2

)3/2 (
kBT

)3/2
Γ

(
3

2

)
(D.115)

nc =

(
1

2π2

)(
2mekBT

~2

)3/2 1

2

√
π (D.116)

nc =

(
1

2π2

)(
2mekBT

h2

)3/2

8π3 1

2

√
π (D.117)

nc =

(
2

π2

)(
2mekBT

h2

)3/2

π3√π (D.118)

nc = 2

(
2mekBT

h2

)3/2

π
√
π (D.119)

this yields Equation D.120.

nc = 2

(
2πmekBT

h2

)3/2

(D.120)
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D.8 Fermi energy of a semiconductor

Using the mathematical description for the CB electron concentration, Nc, and the VB

hole concentration, Nv, it can be shown that for an intrinsic semiconductor the following

equality must be true

Nc = Nv (D.121)

A(kBT )3/2Γ

(
3

2

)
e
−(Ec−Ef)/kBT = B(kBT )3/2Γ

(
3

2

)
e
−(Ef−Ev)/kBT (D.122)

cancelling the kBT and Γ terms gives

Ae
−(Ec−Ef)/kBT = Be

−(Ef−Ev)/kBT (D.123)

1

2π2

(
2me
~2

)3/2

e
−(Ec−Ef)/kBT =

1

2π2

(
2mh
~2

)3/2

e
−(Ef−Ev)/kBT (D.124)

(2me)3/2 e
−(Ec−Ef)/kBT =

(
2mh

)3/2
e
−(Ef−Ev)/kBT (D.125)

where taking the natural log generates

3

2
ln (2me)−(Ec − Ef)/kBT =

3

2

(
2mh

)
−(Ef − Ev)/kBT (D.126)

3kBT
2

ln (2me)−(Ec − Ef) =
3kBT

2

(
2mh

)
−(Ef − Ev) (D.127)

3kBT
2

ln (2me)−Ec + Ef =
3kBT

2

(
2mh

)
−Ef + Ev (D.128)

3kBT
2

ln (2me)−Ec + 2Ef =
3kBT

2

(
2mh

)
+Ev (D.129)

3kBT
2

ln (2me) +2Ef =
3kBT

2

(
2mh

)
Ec + Ev (D.130)

2Ef =
3kBT

2
ln
(
2mh

)
−

3kBT
2

ln (2me) + Ec + Ev (D.131)

2Ef =
3kBT

2
ln
(
mh
me

)
+ Ec + Ev (D.132)

where for an intrinsic semiconductor at absolute zero the Fermi level must be at precisely

the mid-point between the conduction and valence bands as shown by Equation D.133.

Ef =
3kBT

4
ln
(
mh
me

)
+
Ec + Ev

2
(D.133)
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D.9 Angular solutions of the Helmholtz equation

To solve the spherical well problem consider the Schrödinger equation

− ~2

2m
∇2ψ = Eψ (D.134)

this may be expressed as the Helmholtz equation by setting k =
√

2mE/~2

(∇2 + k2)ψ = 0 (D.135)

where expressing the Laplacian in spherical polar coordinates and setting ψ = f gives

Equation D.136.

∇2 =
1

r2

∂

∂r

(
r2∂f

∂r

)
+

1

r2sinθ
∂

∂θ

(
sinθ

∂f

∂θ

)
+

1

r2sin2θ

∂2f

∂φ2
(D.136)

Separation of variables through

f(r, θ, φ) = R(r)Θ(θ)Φ(φ) (D.137)

and plugging the Laplacian into Equation D.135 we obtain Equation D.138.

1

r2

∂

∂r

(
r2∂f

∂r

)
+

1

r2sinθ
∂

∂θ

(
sinθ

∂f

∂θ

)
+

1

r2sin2θ

∂2f

∂φ2
+ k2f = 0 (D.138)

Separation of variables proceeds as

r2

r2

d

dr

(
r2dR(r)

dr

)
Θ(θ)Φ(φ)

Θ(θ)Φ(φ)R(r)
+

r2

r2sinθ
d

dθ

(
sinθ

dΘ(θ)

dθ

)
R(r)Φ(φ)

R(r)Φ(φ)Θ(θ)

+
r2

r2sin2θ

d2Φ(φ)

dφ2

R(r)Θ(θ)

R(r)Θ(θ)Φ(φ)
+
k2r2R(r)Θ(θ)Φ(φ)

R(r)Θ(θ)Φ(φ)
= 0

(D.139)

where cancelling terms

d

dr

(
r2dR(r)

dr

)
1

R(r)
+

1

sinθ
d

dθ

(
sinθ

dΘ(θ)

dθ

)
1

Θ(θ)
+

1

sin2θ

d2Φ(φ)

dφ2

1

Φ(φ)
+ k2r2 = 0

(D.140)

and setting

d2Φ(φ)

dφ2

1

Φ(φ)
= −m2 (D.141)
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produces Equation D.143 where solutions to Equation D.141 take the form of complex

exponentials of the form Φ(φ) = eim(φ). This can be proved through substitution as

outlined by Equation D.142.

d2eim(φ)

dφ2

1

eim(φ)
=
dimeim(φ)

dφ

1

eim(φ)
= i2m2eim(φ) 1

eim(φ)
= −m2 (D.142)

Substitution of Equation D.141 back into Equation D.140 yields

d

dr

(
r2dR(r)

dr

)
1

R(r)
+

1

sinθ
d

dθ

(
sinθ

dΘ(θ)

dθ

)
1

Θ(θ)
− m2

sin2θ
+ k2r2 = 0 (D.143)

where the θ functions are then equated to

1

sinθ
d

dθ

(
sinθ

dΘ(θ)

dθ

)
1

Θ(θ)
− m2

sin2θ
= −l(l + 1) (D.144)

1

sinθ
d

dθ

(
sinθ

dΘ(θ)

dθ

)
1

Θ(θ)
+

(
l(l + 1)− m2

sin2θ

)
= 0 (D.145)

multiplication through by sin2θ produces Equation D.146.

sinθ
d

dθ

(
sinθ

dΘ(θ)

dθ

)
1

Θ(θ)
+
(
l(l + 1)sin2θ −m2

)
= 0 (D.146)

The first term must be evaluated using the product rule

sinθ
d

dθ

(
sinθ

dΘ(θ)

dθ

)
1

Θ(θ)
= sinθ

(
cosθ

dΘ(θ)

dθ
+ sinθ

d2Θ(θ)

dθ2

)
1

Θ(θ)
(D.147)

where simplifying Equation D.147 leads to Equation D.148.

(
sin2θ

d2Θ(θ)

dθ2
+ sinθcosθ

dΘ(θ)

dθ

)
1

Θ(θ)
(D.148)

This may now be inserted into Equation D.146. Multiplication by Θ(θ) gives

sin2θ
d2Θ(θ)

dθ2
+ sinθcosθ

dΘ(θ)

dθ
+
(
l(l + 1)sin2θΘ(θ)−m2Θ(θ)

)
= 0 (D.149)

where realising that

dΘ(θ)

dθ
=
dΘ(θ)

dx

dx

dθ
(D.150)

and making the substitution x = cosθ gives Equation D.151.

dΘ(θ)

dθ
=
dΘ(θ)

dx

d

dθ
cosθ = −sinθdΘ(θ)

dx
(D.151)
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The second derivative may be evaluated using the product rule

d2Θ(θ)

dθ2
=

d

dθ

(
−sinθdΘ(θ)

dx

)
= −cosθdΘ(θ)

dx
− sinθ

d

dθ

dΘ(θ)

dx
(D.152)

where realising that

d

dθ
=

d

dx

dx

dθ
(D.153)

−cosθdΘ(θ)

dx
− sinθ

d

dx

dx

dθ

dΘ(θ)

dx
(D.154)

and making the substitution x = cosθ generates

−cosθdΘ(θ)

dx
− sinθ

d

dx

d

dθ
cosθ

dΘ(θ)

dx
(D.155)

−cosθ∂Θ(θ)

dx
− sinθ

d

dx
− sinθ

∂Θ(θ)

dx
(D.156)

−cosθdΘ(θ)

dx
+ sin2θ

d

dx

dΘ(θ)

dx
(D.157)

−cosθdΘ(θ)

dx
+ sin2θ

d2Θ(θ)

dx2
(D.158)

where substitution of Equations D.158 and D.151 into Equation D.149 yields

sin2θ

(
−cosθdΘ(θ)

dx
+ sin2θ

d2Θ(θ)

dx2

)
+ sinθcosθ

(
−sinθdΘ(θ)

dx

)
+
(
l(l + 1)sin2θΘ(θ)−m2Θ(θ)

)
= 0

(D.159)

dividing through by sin2θ gives Equation D.160.

sin2θ
d2Θ(θ)

dx2
− cosθ

dΘ(θ)

dx
− cosθ

(
dΘ(θ)

dx

)
+

(
l(l + 1)Θ(θ)− m2Θ(θ)

sin2θ

)
= 0 (D.160)

In the last step we realise that

sin2θ = 1− cos2θ = 1− x2 (D.161)

which formulates the associated Legendre equation

(1− x2)
d2Θ(θ)

dx2
− cosθ

dΘ(θ)

dx
− cosθ

(
dΘ(θ)

dx

)
+

(
l(l + 1)Θ(θ)− m2Θ(θ)

(1− x2)

)
= 0

(D.162)

∴ (1− x2)
d2Θ(θ)

dx2
− 2cosθ

(
dΘ(θ)

dx

)
+

(
l(l + 1)Θ(θ)− m2Θ(θ)

(1− x2)

)
= 0 (D.163)
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D.10 Radial solutions of the Helmholtz equation

Beginning with the Helmholtz equation formulated in terms of the Laplacian expressed in

spherical polar coordinates we have

d

dr

(
r2dR(r)

dr

)
1

R(r)
+

1

sinθ
d

dθ

(
sinθ

dΘ(θ)

dθ

)
1

Θ(θ)
− m2

sin2θ
+ k2r2 = 0 (D.164)

and

1

sinθ
d

dθ

(
sinθ

dΘ(θ)

dθ

)
1

Θ(θ)
+

(
l(l + 1)− m2

sin2θ

)
= 0 (D.165)

hence we can express the radial part as

d

dr

(
r2dR(r)

dr

)
1

R(r)
+ k2r2 = l(l + 1) (D.166)

d

dr

(
r2dR(r)

dr

)
+ k2r2R(r) = l(l + 1)R(r) (D.167)

d

dr

(
r2dR(r)

dr

)
+ (k2r2 − (l(l + 1))R(r) = 0 (D.168)

where evaluating the integral via the product rule gives

d

dr

(
r2dR(r)

dr

)
= 2r

dR(r)

dr
+ r2d

2R(r)

dr2
(D.169)

substituting back into Equation D.168 gives the radial equation

r2d
2R(r)

dr2
+ 2r

dR(r)

dr
+ (k2r2 − (l(l + 1))R(r) = 0 (D.170)

with solutions in the form of Spherical Bessel functions as shown by Equation D.171.

jn(r) =

√
π

2r
Jl+1/2(r) yn(r) =

√
π

2r
Yl+1/2(r) (D.171)

Spherical Bessel functions of the second kind are not suitable solutions for a particle within

an infinitely deep spherical well. In the limit that yn(r) −−−→
r→0

|∞| the function is no longer

square integrable. Mathematically is does not satisfy Equation D.172.∫ ∞
−∞
|f(r)|2dx 6=∞ (D.172)

Therefore, solutions in the form of spherical Bessel functions of the first kind are assumed,

which are square integrable everywhere. In the case of a spherical potential well the bound-

ary conditions forbid the wavefunction to exist beyond the confines of the well at some
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arbitrary radius. Accepting these solutions, Figure D.4 illustrates the first few spherical

Bessel functions of the first kind. The function passes through zero on several occasions.

At the boundary of the well the wavefunction must vanish. Hence, it is necessary to select

values of k so that

kr = αn,l (D.173)

where αn,l is the n
th zero of lth order for the spherical Bessel function. The first few zeros

of the function are captured in Table D.1 and Figure D.4.

Bessel function zeros
n=1 n=2 n=3 n=4

l=0 3.142 6.283 9.425 12.566

l=1 4.493 7.725 10.904 14.066

l=2 5.763 9.095 12.323 15.515

l=3 6.988 10.417 13.698 16.924

Table D.1: Spherical Bessel functions of the first kind. The values inform on the nth zero of lth
order. Figure D.4 shows the first three orders of the spherical Bessel function.

5 1 0 1 5 2 0 2 5

- 0 . 2 5

0 . 0 0

0 . 2 5

0 . 5 0

0 . 7 5

- 0 . 5 0 . 0 0 . 5
- 1 . 0
- 0 . 5
0 . 0
0 . 5
1 . 0

j n(r)

r

 

 

 Pm l(x)

 x

Figure D.4: Permitted radial eigenfunctions of a particle trapped within a spherical well. The
functions take the form of spherical Bessel functions of the first kind. The colours red, green and
cyan show the j0(r), j1(r) and j2(r) functions respectively. The inset depicts the first few Legendre
polynomials. Here red, green and cyan refer to the P0(x), P1(x) and P2(x) Legendre polynomials.

Imposing these conditions the eigenvalues are thus

Eex =
k2~2

2m
=
α2
n,l~

2

r22m
(D.174)
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transforming ~ into the Planck constant gives

Eex =
α2
n,lh

2

8π2r2m
(D.175)

and recognising that for a zero order (l=0) spherical Bessel function zeros occur at intervals

of π, 2π, 3π... then Equation D.173 may be formulated as

kπ = αn,l (D.176)

this generates Equation D.177

Eex =
k2π2h2

8r2mπ2
=

k2h2

8r2m
(D.177)

D.11 Wulff construction and relations

Consider the simple cuboidal surface of Figure D.5 and the energy associated with each

face.

yz
xz

xy
γ

γ
γ x

y
z

z

x
y

Figure D.5: Hypothetical cube where faces are denoted (xy, xz, yz) with surface energies
(γx, γy, γz). The total surface energy equates to the sum of the individual facet energies.

The total Gibbs free energy of the surface is given by

∆G =
∑
i

γiOi (D.178)

where γi is the surface energy per unit area and Oi is the area of the ith face.

∆G = f(x, y, z) = γx(2yz) + γy(2xz) + γz(2xy) (D.179)

The volume of the crystal is given by Equation D.180.

V = g(x, y, z) = xyz (D.180)
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The method of Lagrange multipliers states

L(x, y, z, λ) = f(x, y, z) + λ(g(x, y, z)− c) (D.181)

where c is the constraint. In this instance c equates to zero and yields

L(x, y, z, λ) = γx(2yz) + γy(2xz) + γz(2xy) + λxyz (D.182)

where taking the partial differentials as

∇x,y,z,λL(x, y, z, λ) =

(
∂L

∂x
,
∂L

∂y
,
∂L

∂z
,
∂L

∂λ

)
= 0 (D.183)

and performing partial differentiation on Equation D.182 for x, y, z and λ in turn gives the

following relations

2γyz + 2γzy + λyz = 0 (D.184)

2γxz + 2γzx+ λxz = 0 (D.185)

2γxy + 2γyx+ λxy = 0 (D.186)

xyz = 0 (D.187)

where Equation D.187 gives back the original constraint.

It follows that

λ = −2γy
y
− 2γz

z
(D.188)

λ = −2γx
x
− 2γz

z
(D.189)

λ = −2γx
x
− 2γy

y
(D.190)

where the surface energy is dependent on the inverse distance from the centre of the crystal.

The following are known as the Wulff relations

γx
(x/2)

=
γy

(y/2)
=

γz
(z/2)

(D.191)
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D.12 X-ray diffraction: Laue and Bragg conditions

The reciprocal lattice vectors are introduced by Equations D.192, D.193 and D.194 where

the vector relationships are introduced by Figure D.6.

a1∗ = 2π
a2∧a3

a1 · (a2∧a3)
(D.192)

a2∗ = 2π
a3∧a1

a2 · (a3∧a1)
(D.193)

a3∗ = 2π
a1∧a2

a3 · (a1∧a2)
(D.194)

a1

a2

a3

z a
2

a
3

^

z = a1 cos 
Volume = a1 (a2 a3) ^

1
|a1 |

dh=
*

θ

θ

a2 a3^Area =

(100) Plane

Figure D.6: The parallelepiped is described by its primitive real-space vectors a1, a2 and a3.
The (100) plane (red) lies normal to the reciprocal lattice vector (red arrow) and cross product
a2∧a3. The magnitude of the reciprocal lattice vector equates to the reciprocal spacing between
planes. In this case dh = 1 and |a1∗| = 1

Here the real-space primitive vectors are denoted (a1, a2 and a3) with corresponding

reciprocal lattice vectors given by (a1∗, a2∗ and a3∗). To understand the relationship

between the primitive real-space vectors and the vectors in reciprocal space consider the

parallelepiped figure D.6. Here the volume of the parallelepiped is given by the scalar triple

product (a1 · (a2∧a3)) of the real-space primitive vectors.

It follows that since a2∧a3 points normal to the (100) plane so does the respective recip-

rocal vector a1∗ where the magnitude |a1∗| is the reciprocal of the spacing between (100)

planes id est 1/dhkl. In general, any reciprocal lattice vector G can be represented as a

linear summation of its reciprocal basis vectors, that is

G = h a1∗ +k a2∗ +la3∗ (D.195)

where using the Laue Equations 2.20, 2.21 and 2.22 developed in the main text, the diffrac-

tion condition may be derived through the following, where ∆K is the scattering vector
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and is related to the reciprocal lattice vector by ∆K = G. From Equation 2.19 it can be

shown that

(δ1 − δ2) = G (D.196)

(G+ δ2) = δ1 (D.197)

(G+ δ2)2 = δ1
2 (D.198)

where expanding the brackets yields

δ1
2 = δ1 · δ1 = |δ1||δ1|cos(0) = δ2

1 (D.199)

(G+ δ2)2 = |G||G|cos(0) + 2δ2 ·G+ |δ2||δ2|cos(0) = G2 + 2(δ2 ·G) + δ2
2 (D.200)

and substituting this result into Equation D.198 generates Equation D.201.

G2 + 2(δ2 ·G) + δ2
2 = δ2

1 (D.201)

Assuming that scattered radiation is elastic (δ1 = δ2) then

2(δ1 ·G) = −G2 (D.202)

where consideration of the dot product and realising that the reciprocal lattice vector G

is orthogonal to the plane, as shown previously, then

δ1 ·G = |δ1||G|cos(90 + θ) (D.203)

where employing the simple phase shift rule given by Equation D.204 and substituting into

Equation D.203 produces

cos
(
θ +

π

2

)
= −sinθ (D.204)

δ1 ·G = −|δ1||G|sinθ (D.205)

this yields

− 2|δ1||G|sinθ = −G2 (D.206)

where multiplying through by −1 and dividing by G gives

2|δ1|sinθ = G (D.207)

substituting the magnitude of the reciprocal lattice vector G for 1/dhkl as shown previously

and δ1 for 1/λ reduces the Laue conditions to the Bragg relation

2
1

λ
sinθ =

1

dhkl
(D.208)
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D.13 X-ray diffraction: The Scherrer equation

The Scherrer equation is most readily derived through peak broadening considerations. The

phenomena of peak broadening arises in the XRD patterns of nanocrystalline materials.

Typically, a peak will be characterised by its FWHM as

FWHM =
1

2
(2θ1 − 2θ2) (D.209)

where the angles θ1 and θ2 refer to the diffraction angle either side of the peak maxima.

The peak broadening arises from inhomogeneous strain along the lattice planes of small

nanoparticles. This is highlighted by Figure D.7.

d-spacing

Lateral strain

Inhomogeneous strain

2θ
Figure D.7: The effect of straining the lattice planes on the XRD spectra of a relaxed lattice
(top), laterally strained lattice (middle) and inhomogeneously strained nanoparticle (bottom). The
vertical lines represent the lattice planes. The corresponding XRDs are presented to the right of
each lattice.

The next step is to use Bragg’s law to determine the lag between the two angles.

λ = d(sinθ1 − sinθ2) (D.210)

This relationship is related to the following trigonometric identity

λ = d(sinθ1 − sinθ2) = 2dcos
(
θ1 + θ2

2

)
sin
(
θ1 − θ2

2

)
(D.211)

and since θ1 + θ2 = 2θB and sin(θ1 − θ2/2) ≈ (θ1 − θ2/2) then

d =
λ

wcosθB
(D.212)
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D.14 State-filling fractions of the CTST model

The state-filling fractions may be derived from the kinetic scheme presented in Figure 4.1.

First consider the temporal evolution of the system. It can be shown that transitions from

the ground state may be represented by

ṗ0 = (kr + knr)p1 − kxp0 (D.213)

where the neutral-core exciton state p1 is given by

ṗ1 = kxp0 − (kr + knr)p1 − k+

hp1 + k−hp2 − k+
i p1 + k−i p3 (D.214)

the transient, neutral surface-hole state p2 is

ṗ2 = k+

hp1 − k−hp2 (D.215)

and the core-charged and surface-charged states p3 are represented by Equation D.216.

ṗ3 = k+
i p1 − k−i p3 (D.216)

The slow rate of formation of the core-charged and surface-charged states simplifies the

state-filling fraction to

n=2∑
n=0

pn = 1 (D.217)

where expressing p0 and p2 in terms of p1 yields

p0 =
(kr + knr)p1

kx
p2 =

k+

hp1

k−h
(D.218)

and substitution of Equations D.218 into Equation D.217 gives

(kr + knr)p1

kx
+ p1 +

k+

hp1

k−h
= 1 (D.219)

where rearranging produces Equation D.220.

p1 = 1− p1

(
(kr + knr)

kx
+
k+

h
k−h

)
(D.220)
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Collection of the p1 terms on the left gives

p1

(
1 +

(kr + knr)
kx

+
k+

h
k−h

)
= 1 (D.221)

where solving for p1 generates Equation D.225.

p1 =
1(

1 + (kr+knr)
kx +

k+h
k−h

)
(D.222)

p1 =
kx(

kx + (kr + knr) +
kxk+h
k−h

)
(D.223)

p1 =
kxk−h(

kxk−h + k−h (kr + knr) + kxk+

h

) (D.224)

fc = p1 =
kxk−h

k−h (kr + knr) + kx(k−h + k+

h )
(D.225)

The surface-hole fraction may be derived using similar methodology. The ground state and

neutral, core-exciton state must be expressed by gathering p2 terms.

p1 =
k−hp2

k+

h
(D.226)

It is simple to show that

p0 =
(kr + knr)k−hp2

kxk+

h
(D.227)

where substitution into Equation D.217 and rearranging for p2 produces

p2 = 1−
(kr + knr)k−hp2

kxk+

h
−
k−hp2

k+

h
(D.228)

where gathering p2 terms on the left gives

p2

(
1 +

(kr + knr)k−h
kxk+

h
+
k−h
k+

h

)
= 1 (D.229)

and solving for p2 gives Equation D.233.

p2 =
1(

1 +
(kr+knr)k−h

kxk+h
+

k−h
k+h

)
(D.230)
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p2 =
kxk+

h(
kxk+

h + (kr + knr)k−h +
kxk+hk

−
h

k+h

) (D.231)

p2 =
kxk+

h
kxk+

h + (kr + knr)k−h + kxk−h
(D.232)

fs = p2 =
kxk+

h
k−h (kr + knr) + kx(k−h + k+

h )
(D.233)

This is the surface-hole fraction expressed in terms of the rate constants for the system. The

exciton fractions derived here, within the steady-state framework, determine the radiative

rate from the core-exciton fraction and the ionisation rate from the core and surface-hole

exciton fractions.

D.15 Method of image charges

The method of images is employed to simplify the problem of solving how the potential

of a point charge changes when certain boundary conditions are imposed. In the example

explored by Figure D.8 a point charge is suspended above an infinitely conducting plane.

At the plane the potential must vanish.

The potential may be written as

V =
1

4πε0

(
q

a
+
Q

A

)
= 0 (D.234)

where q is the real charge, Q is the image charge and a and A are the distances of the

charges from the conducting plane. It follows that

q

a
= −Q

A
(D.235)

Q = −qA
a

(D.236)

and since the potential must vanish over the entire plane it is easy to show using Py-

thagoras’s theorem that

V =
1

4πε0

(
q√

a2 + d2
+

Q√
A2 + d2

)
= 0 (D.237)

q2

a2 + d2
=

Q2

A2 + d2
(D.238)

q2(A2 + d2) = Q2(a2 + d2) (D.239)
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where substitution of Equation D.236 into Equation D.239 gives

q2(A2 + d2) =
q2A2

a2
(a2 + d2) (D.240)

(A2 + d2) =
A2

a2
(a2 + d2) (D.241)

a2(A2 + d2) = A2(a2 + d2) (D.242)

where cancelling terms produces Equation D.244.

a2d2 = A2d2 (D.243)

It becomes clear that the distance of the image charge from the infinitely conducting surface

must be at exactly the same distance as the real charge from the surface

a = A (D.244)

where substitution of Equation D.244 into Equation D.236 reveals that the image charge

must also have the same charge magnitude but opposite sign to the real charge

Q = −q (D.245)

using these results it is now possible to formulate how the potential above the plane will

change as it approaches the conducting surface. The point of interest is denoted P in

Figure D.8 and the method of image charges is used to mimic the boundary conditions

imposed. Pythagoras’s theorem is used to calculate the distance of P from the real charge

and image charge.

The potential may be written as

V =
1

4πε0

(
q

r+
+
−q
r−

)
(D.246)

where r+ and r− represent the distances of P from the real charge and image charge

respectively. Exploiting Pythagoras’s theorem yields Equation D.247.

V =
1

4πε0

(
q√

x2 + y2 + (z − a)2
− q√

x2 + y2 + (z + a)2

)
(D.247)

It is clear that the potential vanishes at the conducting surface. At large distances from

the surface the real charge potential tends toward zero. Ultimately, the original boundary

conditions are satisfied.
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Figure D.8: Calculation of the potential using the method of images (left). The real charge, q, is
suspended over an infinitely conductive plane at some distance, a, while its image charge, Q, sits
below the plane at distance A. The potential at point P is calculated using Pythagoras’s theorem
to determine distances r+ and r−. The method of images satisfies the boundary conditions, where
the potential must vanish at the surface and as point P becomes distant from the real charge. An
illustration (right) of how the potential of a hole (blue) and electron (red) varies at the surface
of the QD. In the case of a hole tunnelling from the QD, the potential tends toward −∞ at the
surface as it is repelled by its positive image charge. In the case of an electron tunnelling from the
QD the potential tends toward +∞ at the surface as it is repelled by its negative image charge.

D.16 WKB approximation

In general the Schrödinger equation may be written as

−ψ′′ + V (x)ψ = Eψ (D.248)

−ψ′′ = (E − V (x))ψ = Q(x)ψ (D.249)

where the ansatz ψ = eσ is substituted into Equation D.248. Solving the derivative using

the chain rule gives

ψ′ = eσσ′ (D.250)

where the second derivative is solved using the product rule

ψ′′ = eσσ′′ + eσσ′σ′ = Q(x)eσ (D.251)
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this simplifies to

σ′′ + σ′σ′ = σ′′ + (σ′)2 = Q(x) (D.252)

and the method of dominant balance allows one to drop negligible terms from the above

equation as x→ a, where the asymptotic behaviour dictates σ′′ << (σ′) giving rise to the

eikonal equation

(σ′)2 ' Q(x) (D.253)

σ′ ' ±
√
Q(x) (D.254)

where the zeroth order approximation is given by Equation D.255.

σ = ±
∫ √

Q(x)dx+ C(x) (D.255)

The term, C(x), is a correctional term which is added to generate the above equality.

The process is, of course, iterative and one may derive an improved approximation by

differentiating Equation D.255 twice, where substitution into Equation D.252 generates

σ′ = ±
√
Q(x) + C ′(x) (D.256)

differentiating a second time and employing the chain rule gives

σ′′ = ± Q′(x)

2
√
Q(x)

+ C ′′(x) (D.257)

where expanding the quadratic in (σ′)2 and substituting into Equation D.252 produces

Q(x) + C ′ ± 2C ′
√
Q(x)± Q′(x)

2
√
Q(x)

+ C ′′ = Q(x) (D.258)

cancelling terms and removing negligible terms allows one to simplify the expression to

Equation D.261.

2C ′
√
Q(x) ' − Q′(x)

2
√
Q(x)

(D.259)

C ′ ' −Q
′(x)

4Q(x)
(D.260)

C ' −1

4
lnQ(x) (D.261)
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The correctional term is now substituted back into Equation D.255 to arrive at an improved

approximation given by

σ = ±
∫ √

Q(x)dx− 1

4
lnQ(x) (D.262)

where the wavefunction may be expected to behave according to Equation D.263.

ψ ' κe±
∫ √

Q(x)dx− 1
4
lnQ(x) (D.263)

A more complete treatment is given by Bender and Orszag377 which is beyond the scope

of this thesis.

D.17 Born solvation energy

The Born equation is used to estimate the Gibbs energy of solvation by relating ∆solvG

to the electrical energy required to transfer an ion from vacuum to a continuous dielectric

of relative permeability εr. The Coulomb potential between two point charges is given by

Equation D.264.

V =
q1q2

4πεr
= q1φ (D.264)

For a spherical charge, q, of radius, ri, suspended in a medium with a dielectric constant,

ε, it transpires that the electrical potential, φ, at the surface is

φ =
q

4πεri
(D.265)

where the work of increasing the charge of the ion equates to an increase in the electrical

potential at the spheres surface

w =

∫ zie

0

q

4πεri
dq (D.266)

w =
1

4πεri

∫ zie

0
qdq =

1

4πεri

z2
i e

2

2
+ c (D.267)

w =
z2
i e

2

8πεri
+ c− 0− c =

z2
i e

2

8πεri
(D.268)

this is the electrical work of charging a single ion. The Gibbs energy of transferring an

ion from a vacuum, ε0, to a medium of dielectric constant, ε, is given by the difference of
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charging the ion in these two regimes. This is given by Equation D.269.

∆solvG =
z2
i e

2

8πεri
−

z2
i e

2

8πε0ri
(D.269)

Since the absolute permittivity of the medium is ε = εrε0, where the subscript, r, defines

the relative permitivitty then

∆solvG =
z2
i e

2

8πεrε0ri
−

z2
i e

2

8πε0ri
= −

z2
i e

2

8πε0ri

(
1− 1

εr

)
(D.270)

D.18 Exciton-hole/surface-hole equilibria

The average potential barriers for the exciton-hole tunnelling to and from the QD surface

are explored in Figure D.9. The average potential for forward and reverse tunnelling may

written as

V ±2h =
φVB + φVB ∓ δ

2
(D.271)

where φVB is the valence band offset of the hole and δ = e2/2εsRc. This produces

V ±2h = φVB ∓
δ

2
(D.272)

where substituting δ = e2/2εsRc gives Equation D.273.

V ±2h = φVB ∓
e2

εsRc
(D.273)

This may be rewritten as Equation D.274.

V ±2h = φVB ∓ φ2h (D.274)

where φ2h = e2/εsRc. Assuming V ±2h >> E and substituting into the WKB expression

produces Equation D.278.

k+

h/k
−
h =∝

exp− (d
√
φVB − φ2h)

exp− (d
√
φVB + φ2h)

(D.275)

k+

h/k
−
h ∝ exp(−d(

√
φVB − φ2h)− (−d

√
φVB + φ2h) (D.276)

k+

h/k
−
h ∝ exp(d

√
φVB + φ2h − d

√
φVB − φ2h) (D.277)
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k+

h/k
−
h ∝ exp

(
d

√(
1 +

φ2h
φVB

)
φ

1/2

VB − d

√(
1−

φ2h
φVB

)
φ

1/2

VB

)
(D.278)

V2h V2h
+

a b

φVB φVB

φ2h

φVB φVB

φVB φVB+ φVB φVB+ +
2 2

δ δ

δ δ

Figure D.9: Average potential barrier for the exciton-hole sampling the QD surface. a) Average
potential barrier for the exciton-hole tunnelling from the QD core to the surface, where φVB is
the hole valence band offset and δ is the charging energy. b) Average potential barrier for the
exciton-hole returning from the QD surface to the QD core. The charging energy is given by
δ = e2/2εsRc.

Next we set x = φ2h/φVB which produces

k+

h/k
−
h ∝ exp(d

√
(1 + x)φ

1/2

VB − d
√

(1− x)φ
1/2

VB) (D.279)

where Taylor series expansion of
√

1 + x = 1 + x/2..... yields Equation D.280.

k+

h/k
−
h ∝ exp[d(1 +

φ2h
2φVB

)− d(1−
φ2h

2φVB
)]φ

1/2

VB (D.280)

Expanding the brackets generates

k+

h/k
−
h ∝ exp[d+

dφ2h
2φVB

− d+
dφ2h
2φVB

]φ
1/2

VB (D.281)

where cancelling terms simplifies the equation to

k+

h/k
−
h ∝ exp

(
2dφ2h
2φVB

)
φ

1/2

VB (D.282)

k+

h/k
−
h ∝ exp(dφ2hφ

−1

VBφ
1/2

VB) (D.283)

k+

h/k
−
h ∝ exp(dφ2hφ

−1/2

VB ) (D.284)
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Charge-tunnelling and self-trapping: common
origins for blinking, grey-state emission and
photoluminescence enhancement in
semiconductor quantum dots†

M. A. Osborne* and A. A. E. Fisher

Understanding instabilities in the photoluminescence (PL) from light emitting materials is crucial to opti-

mizing their performance for different applications. Semiconductor quantum dots (QDs) offer bright, size

tunable emission, properties that are now being exploited in a broad range of developing technologies

from displays and solar cells to biomaging and optical storage. However, instabilities such as photo-

luminescence intermittency, enhancement and bleaching of emission in these materials can be detrimen-

tal to their utility. Here, we report dielectric dependent blinking, intensity-“spikes” and low-level, “grey”-

state emission, as well as PL enhancement in ZnS capped CdSe QDs; observations that we found consist-

ent with a charge-tunnelling and self-trapping (CTST) description of exciton-dynamics on the QD–host

system. In particular, modulation of PL in grey-states and PL enhancement are found to have a common

origin in the equilibrium between exciton charge carrier core and surface-states within the CTST frame-

work. Parameterized in terms of size and electrostatic properties of the QD and its nanoenvironment, the

CTST offers predictive insight into exciton-dynamics in these nanomaterials.

Introduction

Semiconductor quantum dots (QDs) are now widely used as
light harvesters and emitters across a spectrum of appli-
cations, from sensing to photovoltaics and display technology.1

Many of their optical properties, including size tuneable emis-
sion, can be described by simple particle-in-a-box quantum
mechanics and electrostatics.2 Photoluminescence intermit-
tency (PI),3–6 enhancement (PE)7–10 and bluing,11–14 char-
ging,15 multi-level emission16 and “grey”-states17,18 are
additional properties that are generally detrimental to QD per-
formance, but are not well understood.

While several models have been successful in describing
the characteristic statistics of PI,19–24 many remain untested
against the complete set of experimentally observed dependen-
cies, including excitation wavelength25,26 and intensity,27,28 QD
capping29 and the dielectric constant of the QD nanoenviron-
ment.30,31 Moreover, descriptions of the grey-state and PE are

few and largely qualitative in nature. That said, charge-tunnel-
ling and diffusion-controlled electron-transfer (DCET)24

models of PI have been successfully extended to account for
dielectric dependent blinking30 and the recently observed role
of the biexciton in PI.32 Blinking in QDs is commonly charac-
terized by a truncated power-law (TPL), P(t ) = At−αe−t/τc that
describes the probability density distributions (PDDs) of
switching times between bright (on) and dark (off ) states of
the QD. Importantly, while the exponent, α and truncation
time, τc, have explicit origins in the DCET model proposed by
Tang and Marcus,21 the relationship between these parameters
and measurable properties of the QD and its nanoenvironment
is less overt. On the other hand, charge-tunnelling models
developed by Verberk et al.20 and separately Kuno et al.33

define α explicitly in terms of QD confinement and trap poten-
tials. Isaac et al.30 further showed a correlation between α and
the dielectric constant of the QD surround that could be
accounted for, albeit qualitatively, by relating the trap potential
to the dielectric dependent reaction-field of the QD–host.

Many experiments have shown the PL intensity trajectory of
single QDs is richer in quantum yield (QY) variation than can
be described by PI alone. For example, electrochemically con-
trolled blinking studies have revealed two types of PI; (A-type)
conventional blinking, associated with the Auger quenching of
band-edge emission in charged-QDs and (B-type) blinking
where PL is suppressed by a fast, non-radiative exciton-recom-

†Electronic supplementary information (ESI) available: Additional notes,
equations, figures and tables defining kinetic, energetic and geometric para-
meters used in simulations. Additional experimental data showing TPL cut-off
times, grey-states in CdSe/CdS core–shell QDs and irreversible PL enhancement.
See DOI: 10.1039/c6nr00529b

Department of Chemistry, School of Life Sciences, University of Sussex, Falmer,

Brighton, BN1 9QJ, UK. E-mail: m.osborne@sussex.ac.uk
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bination pathway that intercepts normal internal conversion of
the exciton to the band-edge.34 Furthermore, PE (and PL
decay) and long-lived grey-states add complexity to the envel-
ope of PL instabilities observed in QDs. Studies of PE and
blinking suppression have shown the critical role played by
charge-induced electric fields35,36 and adsorbates37,38 in the
activation and passivation of QD surface-states associated with
reversible changes in QY, while irreversible changes have been
attributed to the structural annealing39,40 and photoinduced oxi-
dation of the QD.41,42 In particular, the influence of surface hole-
trapping on PL modulation in QDs was recognized through early
investigations of PI suppression by electron-donating organic
ligands.43 More recent experiments, in which surface-trap
numbers have been closely-controlled at the QD–substrate inter-
face, have highlighted hole-trapping as central to the description
of the anomalous blinking kinetics observed in these engineered
systems.44 Despite a plethora of data and numerous descriptions
of PL dynamics in QDs, a comprehensive understanding of the
interplay between PI, grey-states and PE remains elusive.

Here, we report experimental evidence for dielectric and
size dependent PI statistics and the observation of charge
dependent “spikes” and “grey”-states, as well as irreversible PE
in the PL intensity trajectory of individual QDs. The results are
found consistent with; (i) a charge-tunnelling and self-trapping
(CTST) description of the exciton charge-carrier dynamics in
the QD–host; (ii) a biexciton mechanism for charge switching
between QD surface and core-states and; (iii) a simple atomis-
tic model of QD degradation that leads naturally to QY
enhancement in the QD. Parameterised in terms of macro-
scopic properties of the QD and the support medium, the
model we advance, reproduces PI statistics, grey-state emission
intensities and the temporal envelope of PL enhancement and
decay observed in our experiments with good quantitative
accuracy. Importantly the findings support a common origin
for blinking, the grey-state and PE through differences in the
exciton-hole dynamics between the neutral-state and core and
surface-charged ionised-states of the QD. The control of PL
from QDs and other nanomaterials is critical to their perform-
ance in applications; whether it be suppressed PI for brighter
QDs in displays,45 enhanced PI for better localisation in super-
resolution imaging46 or engineered PE for sensing47 and
optical storage.48 The CTST description of QD photodynamics
advanced here provides a physically insightful and predictive
basis for tailoring QD properties for specific applications.

Results and discussion
Dielectric dependent QD blinking

PL intensity trajectories of single core–shell, CdSe-ZnS QDs
(Lumidot 590, Sigma-Aldrich, UK) were recorded in five sup-
porting media of different dielectric constants, p-terphenyl
(pT, εm = 2.12), polystyrene (PS, εm = 2.53), glass (SiOx, εm =
3.8), poly(N-vinylpyrrolidone) (PVP, εm = 4.8) and poly-vinyl-
alcohol (PVA, εm = 14). Qualitatively, trajectories were observed
to shift from largely PL-on to mostly PL-off with increasing

host dielectric constant, εm (Fig. 1a), a feature which is mani-
fest quantitatively in the least-squares fitting of the TPL to log–
log PDDs of on- and off-switching times (Fig. 1b).5,21,32 In
these PDDs, off-times decay more rapidly for QDs in media of
low dielectric constant (pT, αoff = 1.75 ± 0.01, εm = 2.12) com-
pared to those in more polarisable nanoenvironments (PVA,
αoff = 1.45 ± 0.01, εm = 14), while on-time PDDs were seen to
truncate at earlier times with increasing εm (Fig. 1b). The sys-
tematic change in αoff and αon with εm is evident from the his-
tograms of power law exponents extracted from fitting the TPL
to individual QD on/off-time PDDs (Fig. 1c and 1d). While on–
off exponents display normal-like distributions for all dielec-
tric media, reflecting heterogeneity in the host and QD sizes,
mean values of αon/off showed a systematic decrease with
increasing εm (Table S1 in ESI†). In contrast, the distributions
of exponential cut-off times, τc (on/off ) were found generally
more uniform, with average off-time truncations appearing
constant (τc(off ) ∼ 100 ± 30 s) across the dielectric hosts, at
least within the large errors that are associated with the low
sampling of events at long-times. Distributions of τc(on),
however, tend toward log-normal with most probable values
exhibiting an inverse dependence on εm (Fig. S1 in ESI†). We
show below that within the CTST description of PI, the TPL
exponents and cut-off times are strongly correlated with the
stabilisation of exciton charge-carriers on the host-matrix and
QD–host interface.

Charge-tunnelling kinetics

The CTST model is based on a five-state system (Fig. 2a) with
QD photodynamics described by charge-tunnelling between:
the neutral, emissive core-exciton state (X00); the “dark”, core-
charged (X10

+) and “bright”, surface-charged (X01
+) ionised

exciton-states; a transient exciton-hole, surface-state (X00
h) in

equilibrium with the core-exciton. Exciton-hole surface-states
(X10

+h and X01
+h) also persist in the ionised QD under exci-

tation, albeit in different charge-dependent equilibria with
their respective core-exciton states (X10

+and X01
+). The prob-

ability of finding the QD in a particular state is governed by a
set of state-filling rate equations with excitation, radiative and
non-radiative relaxation constants, kx, kr and knr and charge-
carrier tunnelling constants ki

+, ki
−, kh

+ and kh
−, where (+) and

(−) indicate forward and back-tunnelling processes, to and
from the ionised-state (i) or exciton-hole (h) surface-state. The
kinetic scheme is evolved in time using standard stochastic
simulation methods, with steady-state approximations applied
where appropriate (note S1 and eqn (S1) in ESI†).

In the PL emission cycle the QD is excited from the ground-
state to X00 (kx ∼ 105 s−1), where the exciton-hole rapidly estab-
lishes an equilibrium, X00 ↔ X00

h, with the exciton-hole
surface state via charge-carrier tunnelling (kh

± ∼ 1013 s−1). Typi-
cally, relaxation from X00 is dominated by radiative recombina-
tion (kr ∼ 107 s−1) with X00

h-state sampling acting to modulate
QD emission. Slower tunnelling of the exciton-electron to traps
in the QD support medium (ki

+ ∼ 104–10−1 s−1) renders the QD
charged and a probability p is placed on finding the nanocrys-
tal in either the core X10

+ or surface X01
+ charged ionised-
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states. Non-radiative, Auger quenching (knr ∼ 109 s−1) of the
trion dominates X10

+ relaxation, while radiative recombination
resumes in the neutral-core, X01

+-state.19,20,33 Ultimately, the
ionised-states are neutralised by slow back-tunnelling of the
host-trapped electron (ki

− ∼ 103–10−3 s−1). Thus, blinking
arises from the stochastic switching processes X00 ↔ X10

+ and
X01

+ ↔ X10
+, while the PL intensity of the emissive states, X00

and X01
+, are also modulated by the equilibrium constant,

kh
+/kh

−, that controls the exciton-hole surface sampling pro-
cesses, X00 ↔ X00

h and X01
+ ↔ X01

+h. We note that the scheme
here represents conventional, A-type blinking associated with
Auger recombination, but that B-type PI can be introduced
with the addition of two competing pathways for hot electrons
produced by above band-edge excitation; the conventional
internal conversion route to band-edge emission and a trap-
mediated, non-radiative transition to the ground-state.

The energetics of the CTST model is best rationalised by
referencing the band structure of the QD and host medium
(Fig. 2b). Here, we consider QD core, shell and matrix valence
(VB) and conduction (CB) band-energies combine with inter-
band trap-states to define reaction-coordinates for exciton-elec-
tron and hole-tunnelling, while the kinetic energies of the
charge-carriers are determined by quantum confinement and
the electron–hole Coulomb interaction. To first order, the tun-
nelling rate constants ki

+, ki
−, kh

+ and kh
− can be defined by

the general form49

k ¼ A
σ

4πR0
2 e

�l
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8mðV�EÞ

p
=ℏ

� �
ð1Þ

where, A = 2E/h, is the attempt-to-escape frequency of the elec-
tron or hole from the QD-core, surface-state or external trap, l
is the tunnelling length, m the particle mass, V the tunnelling

Fig. 1 Dielectric dependent blinking. (a) Extracts from experimental PL intensity trajectories for CdSe-ZnS QDs (Lumidot 590) in pT (εm = 2.12), PS
(εm = 2.53), SiOx (εm = 3.8), PVP (εm = 4.8) and PVA (εm = 14). (b) Log–log PDDs for on- and off-times with fits (black lines) of the truncated power-
law (TPL) function, P(t ) = At−αe−t/τc. Data points represent averages of more than 20 000 on–off events from over 25 QDs per dielectric support. (c)
and (d) Histograms of αon and αoff exponents recovered from TPL fits. Lines through the mean αon (cyan) and αoff (orange) for PVA highlight the trend
to higher exponents with decreasing εm.
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potential and E is the kinetic energy of the charge-carrier. The
factor σ/4πR02 represents a carrier-capture probability at a trap
(or at the QD) with a cross-section σ and QD-centre to trap-
centre distance R0 (note S2, eqn (S2) and (S3) and Fig. S2 in
ESI†).

Exciton and trap energetics

In defining the trap-states that make up the charge-tunnelling
reaction coordinates we assume the electron is stabilised by a
potential, ϕe, below the QD-CB and the hole by a potential ϕh,
above the QD-VB. In this case back-tunnelling is “uphill” in
both cases, requiring thermal activation of the charge-carrier
for which standard energies are generally insufficient (kT =
0.026 eV at room temperature).49 Instead, we assume the elec-
tron tunnels “downhill” to recombine with the excess-hole on
the QD, either at the VB-edge in the core-state, X10

+ or at the
surface-trap above the VB in X01

+. In this case, mean barrier
heights for tunnelling forward to (+) and back from (−) the
host-trap are given by (note S3 in ESI†)50

Vion
þ ¼Eea � ϕe=2

Voff� ¼Eea þ ϕe � ðEQD � ϕeÞ=2
Von� ¼Voff

� þ ϕh=2

ð2Þ

where, Eea is the electron affinity of the semiconductor and
EQD is the QD band-gap (Fig. 2b). Based on experimental
observations, we attribute the dielectric dependency of off-
time blinking statistics to electron stabilisation in the host
medium by a self-energy, ϕe = (1 − 1/εm)e

2/2re (Gaussian units)
with electron return to the QD-core VB-edge. The slower decay
of the on-time PDDs is associated with recombination of the
electron with a hole stabilised at the QD surface by a self-
energy, ϕh = (1/εs − 1/εQD)Ke

2/2rh. Here εm, εs and εQD define
the dielectric constants of the host-matrix, the QD surface and
the QD core respectively (eqn (S4) in ESI†),51,52 K = (εQD − εs)/
(εQD + εs) is a screening factor due to the dielectric mismatch
at the QD surface and re, rh are radii of the electron and hole
trapping cavities. The self-energy at the QD–host interface is
classically unbounded and rh is a cut-off imposed to regularise
the potential, such that the trap is represented by a linear
extrapolation of the image-potential within a “lattice-spacing”
either side of the interface (Fig. 2c).53 We found that a fixed
radii, re = rh = r = 0.3 nm, reproduces QD-blinking statistics
rather well, with good correlation between simulation and
experiment. The trap dimension also compares well with the
lattice spacing in the QD-capping material and typical void
dimensions expected in the host matrices (note S4 in
ESI†).54–56 We note that, while the trap definitions given above
are only zeroth order approximations based on simple Born
solvation and the electrostatics of the QD–host interface, they
serve to illustrate the dielectric dependencies of PI and allow
the simple calculation of barrier heights along the tunnelling-
coordinate.

For exciton-hole tunnelling between the QD-core and
surface-states, we define a mean barrier, V2h

± = ϕVB ∓ qϕ2h, for
forward (V+) and back (V−) processes, where, ϕVB, is the core-to-

Fig. 2 Kinetics and energetics in CTST. (a) The five-state kinetics
scheme, consisting of: a ground-state (bottom), exciton-core (X00),
surface-hole, (X00

h) and ionised charged-core (X10
+) and charged-

surface (X01
+) exciton-states connected by excitation, emission and

non-radiative rates constants, kx, kr, knr, tunnelling rate constants ki
+, ki

−,
kh

+, kh
− and probability p that selects between ionised-states. (b) Band-

energy diagram. VB and CB energies of a CdSe QD-core, ZnS shell and
vacuum and surface and host (pT) trap-states. Electron (red dash) and
hole (blue dash) confinement energies are defined empirically (ESI eqn
(5)†), while the QD-core, ZnS and vacuum band-offsets define electron-
tunnelling coordinate (solid red) over distance l and hole tunnelling
coordinate (solid blue) through shell thickness d. (c) Hole-trapping
potentials for pT (blue), PS (cyan), SiOx (green), PVP (orange) and PVA
(magenta) due to electrostatic self-energies (black dash) at the dielectri-
cally mismatched QD–host interface. Trap radius r = 0.3 nm (approxi-
mating the ZnS lattice spacing) is chosen to regularize the self-energy at
the surface (grey dash). Hole (blue dash) confinement energy is also
indicated for reference.
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shell valence band offset, q is the excess charge on the QD and
ϕ2h = e2/εsRc approximates the combination of Coulomb repul-
sive and charging potentials for two holes in the VB at a QD-
core radius Rc.

57,58 Importantly, in the ionised QD-state the
barrier to forward-tunnelling of the exciton-hole to the QD-
surface is lowered by −ϕ2h, but raised by +ϕ2h, to back-tunnel-
ling to the QD-core. The effect is to shift the equilibrium, X01

+

↔ X01
+h, toward the non-radiative, surface-hole compared to

the neutral-state equivalent process, X00 ↔ X00
h, with a sub-

sequent reduction in PL yield. To summarise, the dielectric
dependent tunnelling barriers within the CTST framework are
determined by the QD band-energies and the electrostatics of
solvation, dielectric interfaces and charged particulates
(Table S2 in ESI†). Other parameters of the CTST model are
discussed below along with results from simulations.

PL intensity trajectory simulations and PI statistics

To complete the parameterisation of the electron-tunnelling
rate constant, the electron affinity, Eea, can generally be
sourced from semiconductor literature (CdSe = 4.95 eV),59

while the charge-carrier kinetic energy, E, is determined from
EQD, the bulk CdSe band-gap, Eg, and the exciton-pair
Coulomb energy (eqn (S5) and Fig. S3 in ESI†). For the CdSe-
ZnS QDs (Lumidot 590, Sigma-Aldrich, UK) used in our experi-

ments, Rc = 2 nm and the electron and hole confinement ener-
gies are 0.39 eV and 0.11 eV respectively. The excitation rate
constant, kx = σxλI/hc, for a wavelength, λ and intensity, I is
parameterised through a size-dependent absorption cross-
section, σx, along with relaxation constants kr and knr (note S6
and eqn (S6), (S7) and (S8) in ESI†).60–62 Finally, motivated
by the sensitivity of blinking to passivation of the QD surface,
we make the probability of finding the QD in the surface
charged state, X01

+, following ionization equal to the surface
fraction of atoms within the spherical cluster approximation,
i.e., p = 4N−1/3 for an N atom QD and N−1/3 = a/Rs, where Rs is
the QD core + shell radius and a is the radius of the atoms
making up the cluster. For simplicity we approximated a to
half the CdSe bond-length (0.5 × 0.26 nm).63 In this model p
represents a ratio of surface-to-core hole-traps on a per atom
basis, but other models of p can be envisaged, where surface
modification or core-dopants may bias the fraction of surface
traps. For a typical ZnS shell of 2 monolayers (ML) and lattice
spacing 0.31 nm, Rs = 2.62 nm and the hole trapping prob-
ability, p = 0.2, compares favorably with models elsewhere.20

Blinking statistics generated from simulated single QD PL
intensity trajectories shows TPL behaviour in the log–log PDDs
of off- and on-times is reproduced strikingly well by the CTST
model (Fig. 3a and 3b), along with the same trend in intensi-

Fig. 3 Simulated QD blinking statistics and surface-to-core charge switching mechanism. (a) Log–log PDDs of off-time and (b) on-times from
simulated PL trajectories in different dielectric media along with corresponding TPL fits (lines) with decay, α (on/off ) and cut-off, τc (on/off ) para-
meters defined in ESI Table S3.† On-time PDDs are scaled for clarity. CTST input parameters are: Rc = 2.0 nm; d = 0.62 nm; σx = 1.72 × 10−15 cm2, I =
45 W cm−2 and λ = 473 nm give kr

−1 = 23 ns; knr = 2.85 × 1010 s−1. (c) Mechanism for the origin of saturation in the on-time PDD. A surface-charged
biexciton XX01

+ undergoes Auger relaxation to excited the X01
+* -state with a hot-electron that recombines at the surface-localised excess-hole to

leave charge on the QD-core in the X10
+-state. (d) Excitation rate dependence of the cut-off rate, Γ, from simulation (points), along with the kx

2

(line) dependency of the biexciton formation rate. (e) QD-core size dependence of the electron–hole recombination probability from simulation
(points) and Rc

−3 (line) dependency of the localised surface-hole to core-electron volume ratio.
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ties, from PL-on to PL-off with increasing εm (Fig. S4 in ESI†),
as that observed experimentally (Fig. 1a). Simulation and
experimental parameters were matched as closely as possible
(note S7 in ESI†), in particular the CdSe core-size (Rc = 2 nm),
shell-thickness (2 ML) and surface-ligand (hexadecylamine,
HDA, εlig = 2.7) were defined by the CdSe-ZnS QD source
(Lumidot 590, Sigma-Aldrich, UK).64

To model saturation in the TPL at long on-times, we intro-
duce the rate constant, Γ = τc

−1, for quenching of the radiative
X01

+-state. Despite its ubiquity in QDs, nanorods and other PL
materials, the mechanism for truncation in the power-law is
not wholly understood. Indeed, truncation can be an artefact
of the data analysis, where on–off events are under-sampled.65

Motivated by previously observed dependencies of τc on exci-
tation-rate, QD size,28 the dielectric properties of the nano-
environment31 and temperature,5 we propose the following
simple mechanism for quenching of X01

+ (Fig. 3c). Given the
QD-core is neutral in the surface-charged state, the biexciton
XX01

+ will be formed at a rate approximating to kxx = kx fc/2,
where fc ∼ kx/(kx + kr) is the core-exciton fraction (eqn (S1) in
ESI†). The biexciton will decay rapidly by Auger recombination
with near-unit probability, knr/(knr + kr) ≈ 1, with the excess
band-gap energy creating a hot-electron state, X01

+*, that is
highly delocalised, enveloping the QD-surface and the deep-
trapped excess-hole. Assuming electron–hole recombination is
strongly modulated by the electron density at the localised
surface-hole or core exciton-hole, then the probability of
recombination at the surface will scale with the core-to-trap
volume ratio as [1 + (Rc/r)

3 ]−1. Thus, for hole quenching that is
rate-limited by biexciton formation, the cut-off rate is simply
approximated by Γ = (kx

2/2kr)·(r/Rc)
3, for low excitation intensi-

ties (kx ≪ kr) and a small hole-trap (r ≪ Rc). The cut-off rate, in
this case, has the correct squared dependency on the excitation
rate and the inverse-cubic dependency on QD size (Fig. 3d and
3e) reported elsewhere (within error).28 Less clear, is how the
observed sensitivity of τc to εm can be accounted for. Here, we
recognize that since the rate constants, kx and kr are dependent
on the square of the local field factor, F = 3εs/(2εs + εQD), so too
will Γ, since εs is a composite of host and ligand dielectric con-
stants (eqn (S4) in ESI†). The complete expression describing
the full set of dependencies of the on-time cut-off rate in our
model is given by

Γon ¼ kx
2kr

Fj j2 r
Rc

� �3

e�Ea=kT ð3Þ

where the Arrhenius term describes the temperature depen-
dence of the on-time saturation with activation energy Ea ∼
0.003 eV, derived from experimental data in the literature (τc ∼
164 s@T = 10 K and τc ∼ 7 s@T = 300 K).5,21 For completeness,
a rate constant for the slow quenching of X10

+ is introduced to
account for saturation in the off-time PDD. Typically this
occurs an order of magnitude or so beyond the on-time cut-off
and we simply attribute the lower saturation rate, Γoff = (kx

2/
2kr)·|F|

2 to a reduced rate of biexciton formation in the pres-
ence of QD-core charge and Auger quenching. The exact form

of the expression does not appear critical to modelling the
overall blinking statistics in our experiments, possibly due to
the extended saturation in off-times (up to 50× longer than on-
times) reducing the interdependency between on- and off-time
statistics. We note that cut-off times may also be limited by a
finite charge-tunnelling length and that the subtle interplay
between decay and truncation in the on/off PDDs remains the
subject of ongoing investigation. Given the large uncertainties
in both experimental and simulated values of cut-off times, no
further justification is provided here for the form of Γoff other
than providing the correct “order-of-magnitude” value
observed in our experiments and elsewhere.31

We tested the CTST model against our observed dependen-
cies of αon, αoff and τc (on) on the host dielectric constant, εm,
by fitting the TPL function to on- and off-time PDDs derived
from simulated PL trajectories (Table S3 in ESI†). Correlations
of both αon and αoff with the reaction field (1 − 1/εm) were
found comparable to those observed experimentally (Fig. 4a
and 4b) and consistent with the general conclusion that
deeper charge-trapping in more polarizable and dielectrically
mismatched media leads to longer sojourn-times in bright
and dark-states. Furthermore, the strong linear correlation of
the experimental on-time cut-off, τc = Γon

−1, with εm
−1 is

closely-reproduced by the CTST model (Fig. 4c). Given the sim-
plicity of the model the comparisons are striking. In particular,
the same weak trend in αon with the reaction field is observed
in both our experimental data and simulations. This can be
rationalised in CTST by a surface-hole trapping-potential
(K/εm) that opposes the reaction field (1 − 1/εm) trapping the
electron in the host. This produces a tunnelling-barrier, Von

−,
for electron-recombination in X01

+ that is only weakly depen-
dent on εm. Conversely recombination in X10

+ occurs at the
VB-edge of the QD, where the barrier Voff

− remains strongly
dependent on εm, through the reaction field of the host.

Intensity-spikes and charge dependent grey-state emission

To understand the influence of exciton charge-carrier
dynamics on the modulation of PL in QD blinking, we exam-
ined the intensity histogram for the appearance of intermedi-
ate emission levels or so-called “grey”-states.6,18 Histograms
for the range of dielectric support media we examined are
characterised by a bimodal distribution of PL intensities and
typified by CdSe-ZnS QDs in pT (Fig. 5a). Dark and bright-
states approximate to two, normal-like distributions with stan-
dard deviations characteristic of the detection-noise, as well as
a variance due to on/off blinking within the photon integration
time. Resolving intermediate states by fitting more than two
normal distributions cannot be easily justified from the sum
histogram in this case. However, simulation of the QD PL tra-
jectory using CTST allows resolution of the intensity histogram
into dark, bright and intermediate intensity distributions
(Fig. 5b). By tracking charge on the QD-core (qc) and surface
(qs) and the net charge (q = qc + qs) on the QD, intensities
corresponding to the dark, X10

+-state (qc = 1) and radiative,
X01

+-state (qs = 1) can be separated from intermediate intensi-
ties arising from mixed contributions from the ionised states
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and the neutral, X00 -state, with a net QD charge less than
unity (q < 1). For the QD-type (Lumidot 590, Sigma-Aldrich,
UK) studied here, X01

+ dominates (70%) the bright state popu-
lation with a smaller contribution from mixed states (30%). In
this instance, emission from X01

+ is lowered from the native,
X00 -state by only a small (15%) shift in the equilibrium, X01

+

↔ X01
+h towards the non-radiative, surface-hole population

compared to the native-state equivalent, X00 ↔ X00
h. In

addition, correlation between the net-charge and intermediate
intensities shows the QD spends, at most, only half the photon
integration time in X00 and half in X10

+ or X01
+ (Fig. 5c and

5d). It thus appears the QD is rarely in its neutral, radiative-
state for long. Indeed, by tracking the accumulated time spent
in X00 (q = 0), the QD is observed to settle rapidly into spend-
ing only 15% of its time undergoing PL from the native, emis-
sive state (Fig. 5e).

The CTST model predicts that shorter photon integration
times, should capture a greater contribution of X00 in inter-
mediate emission levels, while QDs with thicker shells will
increase the modulation depth between X00 and X01

+ in the PL
intensity trajectory. To test this prediction, we performed
experiments on CdSe-ZnS QDs (EviDot, birch yellow, em:
580 nm, core size 3.2 nm, Evident Tech. Inc., USA) in PVA at
fast image acquisition rates (40 fps). Observation of transient
“spikes” in the PL intensity trajectory of this QD–host system
have been reported elsewhere, but with only qualitative expla-
nation.6 We found QD trajectories that displayed three distinct
levels of emission: high intensity “spikes”; a steady-state
“grey”-level; and the common dark-state (Fig. 5f). Although,
these states are not fully resolved in the intensity histogram,
the bright-state population does exhibit a broad-tail that
extends beyond the normal distribution-width expected for
detection-noise (Fig. 5g). Again, simulation of the PL trajectory
with a correct CdSe-core size (Rc = 1.6 nm) and thick ZnS-shell
(d = 1.8 nm) shows qualitative agreement with experiment

(Fig. 5h). We note the cap size (6 ML) exceeds the average
thickness (3–4 ML) from our TEM measurements (Fig. 5g
inset) and those reported elsewhere,66 but is consistent with
the relatively low number of QDs found to exhibit “spikes” and
“greys” in their PL trajectory traces. Importantly, resolution of
the intensity histogram into core-charged (qc = 1), surface-
charged (qs = 1) and non-integer net charge (q < 1) popu-
lations, as well as the correlation between the net-charge and
intensity, shows the highest PL intensities correspond, in this
case, to emission from the native, neutral state of the QD
(Fig. 5i). The results indicate that X01

+ is the “grey”-state that
appears as the “bright”-state for thin-shelled QDs, with the
neutral X00 -state being sampled only transiently (Fig. 5j). With
increasing shell thickness, the “grey”-state is resolved at
decreasing levels of emission compared to the neutral-state
“spikes”. The CTST model thus provides a compelling origin
for the “grey”-state. Given the equilibrium constant, kh

+/kh
− is

governed by tunnelling of the exciton-hole through the QD-
shell, it will be modulated by the thickness of the capping layer.
However, the tunnelling barriers, V2h

± = ϕVB ∓ qϕ2h and conse-
quently the equilibrium constants are markedly different for X00

(q = 0) and X01
+ (q = 1); the latter having a stronger dependency

on shell thickness d, which pushes the equilibrium, X01
+ ↔

X01
+h, towards the non-radiative exciton-hole surface-state with

increasing cap-depth. As d increases, PL intensities from X00

and X01
+ diverge with the latter quenching rapidly with the cap

depth and ultimately resolving as a distinct “grey”-state in the
PL trajectory of the QD (Fig. 5k and Fig. S5 in ESI†).

Grey-state dependent PL enhancement and decay

To understand the role of exciton charge-carrier dynamics in
QD brightening and bleaching we examined single QDs under
oxidative conditions. For CdSe-ZnS core–shell QDs (EviDot,
fort orange, em: 600 nm, size 4.0 nm, Evident Tech. Inc, USA) on
SiOx, under moderate-to-high excitation intensities (>500 W cm−2)

Fig. 4 CTST simulation vs. experimental and TPL cut-off time size dependency. Dependence of (a) αon and (b) αoff and (c) the cut-off time, τc(on) =
Γ−1, on the dielectric constant εm of different host-media. Plotted are mean values from fitting the TPL to simulated PL trajectories along with
experimental values. Error bars correspond to standard deviations in data sets from over 25 simulations per host. Values from ref. 31 (grey) and linear
fits to experimental points are plotted for comparison. Theoretical values in (c) for τc(on) are from eqn (3) and the separation of linear fits (arrow) cor-
relates with the QD core-size difference between our experiments and that of ref. 31 (Rc ∼ 1.7 nm).
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many PL intensity trajectories displayed an envelope of QY
enhancement and decay over time (Fig. 6a). By way of control,
interrogation of bare CdSe QDs showed only PL decay in the
intensity trajectory, with no evidence of PE in the core-QDs
sampled (Fig. 6a inset). Furthermore, the PE observed in our
experiments appears predominantly irreversible in nature, as

evidenced by a lack of dark-state recovery during periods of
paused illumination (Fig. S6 in ESI†). To gain insight into the
origin of PE we introduced a “chemically” modified QD state
into the CTST kinetic scheme. Based on previous observations
of photobleaching and bluing in QDs,11,42 as well as evidence
of Se loss from CdSe QDs through SeO2 formation at the QD

Fig. 5 PL intensity analysis and grey-state resolution in the CTST simulation. (a) Intensity histogram from a typical PL intensity trajectory of a CdSe-
ZnS QD in pT (Fig. 1a) along with a fit of two normal distributions to dark (red) and bright (blue) populations. (b) as (a) but from a simulated QD tra-
jectory (c), showing resolution of dark (red, qc = 1), intermediate (green, qc + qs < 1) and bright-state (blue, qs = 1) intensity populations. (c) Extract
from a simulated PL trajectory (grey) for CdSe-ZnS QD in pT (εm = 2.12) with CTST parameters as for Fig. 3a. Inset is the net charge, q (red) on the
QD (per time bin). (d) Correlation between net QD charge (q < 1) and intermediate PL intensities for a full trajectory of 2500 on/off events (2675 s)
showing the QD-charge rarely drops below 0.5. (e) Plot of the time spent in the neutral, X00-state, as a fraction of the total time in emissive states,
X00 + X01

+ showing the QD spends only ∼15% of its time in the native state. (f ) Experimental PL intensity trajectory of a CdSe-ZnS QD (EviDot 580) in
PVA showing steady-state, dark and intermediate “grey”-states and transient intensity-“spikes”. (g) Intensity histogram showing resolution of the dark
(red), grey (blue) and bright (green) states from fitting three normal distributions. Inset: TEM of CdSe-ZnS QDs (20 nm scale bar) and corresponding
size distribution from variation in cap and core growth. (h) Simulated PL intensity (grey) and net QD charge (red) for a CdSe-ZnS QD with a 1.6 nm
core and 2 nm shell. (i) Intensity histogram showing resolution of the dark (red, qc = 1), intermediate-“grey” (blue, qs = 1) and bright (green, q < 1)
state populations. ( j) Schematic showing exciton processes in the QD, for (1) Auger quenching of the core-trion, X10

+ in the dark-state, (2) weak
modulation of the core exciton-hole population in the bright, native X00 -state and (3) suppression of core exciton-hole population in the “grey”-
X01

+ state. (k) For QDs with thicker-shells, electron-tunnelling from X00 is suppressed, but the exciton-hole tunnelling equilibrium, X01
+ ↔ X01

+h,
tends towards the surface hole-state with lower “grey”-level emission.
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surface,67 we associate the modified QD-state with degradation
of the QD volume. To estimate the degradation rate, we refer to
previous thin film and single molecule studies of QDs exposed
to oxygen,7,37,68 which place the QY of PL activation in the
region of 10−6 to 10−8 (QDs per excitation). In the simplest
model we assume that degradation of the QD, regardless of
mechanism, corresponds to the loss of “ion-pair” units (ZnS
from the shell and CdSe from the core). In this case, given
approximately, N = (Rs/a)

3 ∼ 8000 atoms in a 2 nm CdSe core +
2 ML ZnS shell of sum radius, Rs = 2.62 nm and a mean ion
radius of a = 0.13 nm (Zn2+ + S2− + Cd2+ + Se2−), the low-end
PE yield equates to an ion-pair loss of Φ = 4 × 10−5 per exci-
tation (per QD). We simulate PL intensity trajectories with a
rate constant, kd = kxΦ, for transition from the exciton-state to

the “chemically” degraded state and a modified QD radius, R =
(Rs

3 − 2a3)1/3, following transition. Here, R changes during
degradation from the core + shell radius for Rs > Rc, to the core
radius for Rs = Rc, following complete removal of the capping-
layer. While the model is crude, simulations of the PL
enhancement and decay envelope compare well with typical
experimental profiles under comparable conditions and within
stochastic limits (Fig. 6b). Significantly, the QY of PE derived
from simulation in this case (Φ = 5 × 10−5), is closely matched
to our low-end estimate, although we note that degradation
yields can vary between individual QDs, as much as PL acti-
vation yields appear to vary in the literature. Such variation
will reflect homogeneity in the QD nanoenvironment, as well
as differences in the integrity of QD cap and core structures.
Indeed, the model of PE presented here, inherently assumes
that lattice reorganisation and relaxation is rapid following
each degradation step, such that changes in PL intensity
depend solely on the changes in the exciton-dynamics associ-
ated with a continuous QD core- and shell-size reduction,
rather than the formation of vacancy trap-states. On the other
hand, where structural rearrangement is slow, the latter will
likely affect blinking and grey-state intensity modulation in a
more discrete, quantized manner through multiple charging
effects, for example.13 For core-only CdSe, experimentally
observed PL decay appears marginally slower than predicted
from simulation (Fig. 6b inset), which may result from the
presence of an effective shell from residual oxide formation at
the QD surface or merely from an overly simplified model of
the degradation volume and/or estimate of the QY of the
process. Nevertheless, the gross features of PE (and decay) that
we attribute below to changes in the exciton dynamics, grey-
state emission levels and size dependent absorption, will be
qualitatively similar irrespective of the model.

Interestingly, while PL decay is an obvious consequence of
QD-core volume degradation from the approximate Rc

3 depen-
dence of the absorption cross-section, the connection to PL
enhancement is not so transparent. However, since exciton
charge-carrier tunneling-rates are dependent on both size of
the QD-core (via confinement energies) and shell thickness (via
tunnelling distance), the kinetics of electron ionization and
exciton-hole sampling of the QD-core and surface will be
strongly modulated by changes in shell thickness and core
radius. Specifically, since the fractional populations of the emit-
ting states, X00 and X01

+, are dependent on the exciton-hole
equilibrium constant, kh

+/kh
−, between surface and core-states,

the emission intensity will be strongly modulated by thinning
of the capping layer. Given the barrier to forward-tunnelling in
the equilibrium, X01

+ ↔ X01
+h, is lower than for back-tunnelling

(due to hole-hole repulsion), kh
+ will rise more slowly than kh

−

with decreasing shell-depth d, shifting the equilibrium toward
the radiative core exciton-state, X01

+. Quantitatively, it can be
shown that the equilibrium constant approximates to
khþ=kh� / expðϕ2h

ffiffiffiffiffiffiffiffi
ϕVB

p
dÞ for ϕ2h and ϕVB in eV and d in Å

(note S8 and eqn (S9) in ESI†), such that the core-emissive
fraction, fx ∝ [1 + kh

+/kh
−]−1 increases exponentially with

decreasing cap thickness d (Fig. 6c). The envelope of PL

Fig. 6 Irreversible PL enhancement (PE) and decay. (a) Experimental PL
intensity envelope of PE and photobleaching of a ZnS capped CdSe
(EviDot 600) QD on glass (SiOx) under continuous illumination with
0.65 kW cm−2 at 473 nm and (inset) as synthesized uncapped CdSe (Rc =
1.6 nm) QDs. (b) Simulated PE and decay of the capped and (inset)
uncapped QDs within the CTST framework and an atomistic model of
QD degradation (see text) with a quantum yield Φ = 5 × 10−5. Parameters
were closely matched to experiment as per Fig. 3 for the CdSe-ZnS (Rc =
2 nm core and 2 ML shell) with excitation intensity at 0.6 kW cm−2.
Uncapped CdSe (inset) was simulated for as synthesized 560 nm emit-
ting QDs (Rc = 1.6 nm core and 0 ML shell) on glass with other para-
meters as per Fig. 3. (c) Separation of the components contributing to
PE and PL decay including; (green) the fractional population available
for emission, fx = fc/( fc + fs), from both simulation; (red) a simple
approximation using the core-surface equilibrium constant, fx ∝ (1 +
kh

+/kh
−)−1; (blue) the degradation of the core and (cyan) core + shell

volumes; (black) the overall effect of the changing emissive fraction and
core volume reduction on the PL yield of a capped QD.
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enhancement and decay can then be understood in the simplest
sense, as a combination of an increasing core-exciton fraction fx
as Rs degrades towards Rc and a decreasing absorption
“volume”, Rc

3, with degradation of the QD-core.

Conclusions

In sum, the results support a broad description of QD photo-
dynamics including blinking, grey-state emission and PL
enhancement through CTST controlled exciton dynamics. The
agreement between experimental and simulated data across a
spectrum of key features in the PL intensity trajectory of single
QDs is compelling, given the simple, rational assumptions
applied in the model. In particular, experimental measure-
ments of the QD blinking statistics, grey-state emission levels,
intensity histograms and the envelope of irreversible PL
enhancement and decay have been reproduced with good
quantitative accuracy, within the limits of stochastic simu-
lation. Most significantly is that these properties, which have
previously been treated in isolation, have a clear and common
origin within the CTST framework through the interplay
between QD-core, surface and external host-states of the
exciton charge-carriers. Evidently, the CTST basis describes
exciton dynamics in an “average” QD, in a “uniform” dielectric
medium and any “variance” in behaviour, due to heterogene-
ities in QD synthesis, the host, or engineered-states in the QD-
core, surface or host, will require extension of the model with
new or modified definitions of the CTST energetics. Indeed,
the model will likely evolve as it is tested against an ever
increasing matrix of QD-type, surface-modification and experi-
mental conditions, as well as new PL phenomena. For
example, evidence for different modes of blinking suggests
A-type and B-type can coexist in QDs with their contributions
weakly dependent on shell-thickness. Our results align closely
with an A-type blinking mechanism, since grey-state emission
levels observed in our experiments compare well with those
reported elsewhere, in which PL lifetimes are found strongly
correlated with PL intensity. However, the model is also consist-
ent with B-type blinking where the exciton-hole equilibrium is
shifted strongly toward the QD surface, by deep trapping at a
dangling bond, for example.69 In this case, the dark, off-sate of
the QD is associated with capture of hot electrons at the hole
and the consequent inhibition of efficient band-edge emis-
sion.34 Ultimately, the CTST description advanced here offers a
simple, but physically insightful basis for the interpretation of
PL phenomena in QDs and similar photoactive nanomaterials,
as well as the rational control of exciton dynamics and emission
through material design and synthesis.

Experimental
Materials and sample preparation

All reported PI experiments used CdSe-ZnS QDs (Lumidot 590,
Sigma-Aldrich, UK) diluted in toluene (TOL, Analytical Grade,

Fisher Scientific, UK). All chemicals were sourced from Sigma-
Aldrich unless stated otherwise. QDs were incorporated in the
supporting dielectric medium by diluting in a QD/polymer/
solvent mix or depositing the QD/TOL solution on a pre-made
polymer support. Thin-film polymer supports were prepared
by spin-coating (3000 rpm) solutions on a coverslip (22 × 40,
# 1.5, Menzel Glaser, EU) and allowing solvent evaporation for
over 30 min. Coverslips were flame-cleaned and ozonated for
30–60 min (PSD Series, Novascan, USA) to remove residual
fluorescence prior to QD deposition and QD concentrations
were adjusted to achieve surface densities of approximately
0.01 QD μm−2 to ensure good spatial separation of single QDs.

Support medium of p-terphenyl (pT, >98.5% HPLC) was
prepared at 3 mg ml−1 in TOL with QDs spin coated on top of
the host-film. For polystyrene (PS, MW 192 000) 100 mg of PS
was dissolved in 6 mL of TOL and the QDs diluted into the PS/
TOL mix before spin-coating. Poly(N-vinylpyrrolidone) (PVP,
MW 40 000) was prepared from 100 mg of PVP dissolved in
6 ml of ethanol absolute (VWR Chemicals, UK) and QDs spin-
coated from TOL onto the polymer-film. Polyvinylalcohol (PVA,
MW 130 000) was prepared as a 3 mg mL−1 solution in de-
ionised water, spin coated onto the coverslip and residual water
left to evaporate until dry, with QDs deposited on top of the
polymer film. For glass (SiOx), QDs were spin-coated directly
onto the pre-cleaned coverslip. Prepared coverslips were opti-
cally coupled to the objective lens of an inverted microscope
via immersion oil (Olympus, Type F, n = 1.581). For “grey”-state
investigations CdSe-ZnS QDs (EviDot, birch yellow, em:
580 nm, Evident Tech. Inc., USA) were diluted in the stock
solvent TOL and spin-coated on a PVA support as above.
Studies of PE and PL decay were performed on ZnS capped
CdSe QDs (EviDot, fort orange, em: 600 nm), spin coated
directly on cover glass, while control, core-only CdSe QDs were
synthesised from cadmium-oleate (CdOA) and trioctylphos-
phine-selenide (TOP-Se) precursors using a standard high
temperature (250 °C) injection procedure (note S9 in ESI†).70

Image acquisition

QD imaging was performed on a modified, inverted micro-
scope (TE2000–U, Nikon UK) using objective-type TIRF. A
473 nm CW laser (Scitec Instruments, UK) operating was
coupled through the objective lens (Plan Apo, 60×, NA 1.45) to
the sample via a dichroic beamsplitter (BS, Di01-R488–561,
Semrock, USA). The excitation beam was made near-collimated
at the sample using a 200 mm plano-convex TIRF lens focused
off-axis at the back focal-plane of the objective to achieve TIR.
For PI experiments the TIRF lens was adjusted to obtain an
excitation footprint of 50 μm in diameter with an intensity of
45 W cm−2, accounting for near-field enhancement. For “grey”-
state studies the intensity was raised to 80 W cm−2, while PE
was typically observed at power densities upward of 0.5 kW
cm−2. PL collected by the objective lens was separated from
laser scatter at the dichroic, passed through a bandpass filter
(BP, Semrock, Brightline 609/54) and detected on a water-
cooled ICCD camera (Princeton Instruments, PI-Max 512
GenIII). Image-stacks with 12 bit grey-scale digitisation, were
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recorded with 80 ms integration per frame (12.5 fps) for up to
20 min providing typically 15 000 frames per movie for PI
experiments. For “grey”-state investigations, a 50 × 50 pixel
read-out region of the ICCD was used to reduce exposure times
to 25 ms (40 fps). The microscope sample stage and focus
drive (Proscan II, Prior Scientific, UK) and camera were con-
trolled using open-source, image acquisition and processing
packages, μManager and ImageJ.71 Focus-drift over extended
acquisition times was eliminated using an active feedback
loop that exploits the linear-relationship between the lateral
displacement of the back-reflected TIR beam, imaged on an
external camera (DCC1645C, Thorlabs, UK) and drift of the
objective lens from focus. A motorized focus drive (PS3H122,
Prior Scientific, UK) was controlled to maintain focus using a
macro developed in ImageJ. For purposes of simulation we
measured an overall detection efficiency of 1% including
optical collection, quantum efficiency and analogue-to-digital
(ADU) grey-level conversion, a camera offset of 50 cts and
excess noise factor of 1.6 for the ICCD.72

Image processing and data analysis

QD image stacks were analysed and single QDs identified by
their diffraction-limited intensity profile (FWHM ∼ 200 nm)
and binary-like blinking in the intensity trajectory. For each PL
trajectory accepted for analysis, a threshold corresponding to
2σ, from the dark-state mean and close to the minimum in the
intensity histogram of bright and dark populations, was used
to distinguish the radiative on-state from the dark-off state.
The on- and off-times corresponding to periods in the trajec-
tory where PL remained above and below threshold respect-
ively were extracted and the PDD for each calculated as P(ti) =
2Ni/[(ti+1 − ti) + (ti − ti−1)], where Ni is the number of occur-
rences of a given on/off event of duration ti and ti+1 and ti−1 are
the durations of proceeding and preceding events respect-
ively.32 The PDDs extracted were fitted with the TPL, P(t ) =
At−αe−t/τc, by varying parameters A, α and τc using a Levenberg-
Marquardt algorithm for non-linear least-squares minimis-
ation (Origin 8). The distribution of TPL parameters, αon, αoff
and τc(on) were derived from the PL intensity trajectories of
over 25 QDs per (dielectric) sample, each recorded for typically
20–30 min and covering over 1000–3000 on/off switching
events.

Stochastic simulation methods

QD PL intensity trajectory simulations were performed using a
stochastic simulation algorithm.73 The algorithm samples
both the time a QD spends in a given state and the transition
that occurs after this time in a probabilistic manner and is par-
ticularly suited to the highly distributed kinetics of QD blink-
ing, where on- and off-states can persist for long periods >102 s.
The time, τ , spent by the QD in any given state and the tran-
sition m that occurs after this time are selected from the prob-
ability density distributions, r0e

−r0τ and rm/r0, respectively,
where r0 = ∑ri is the sum of transition rates out of the current
state and ri = ki fx, for each rate constant, ki and the state filling
fraction, fx. For a QD in a given state at time t0, the algorithm

proceeds by first selecting the time step to the next transition
using the inverse transform τ = −ln(u1)/r0 and the transition

that follows according to the condition
Pm
i¼1

ri , r0u2 �
Pmþ1

i¼1
ri,

where u1 and u2, are uniform random numbers in the interval
[0,1]. The microscopic simulation time t is incremented by τ

and properties of the QD updated to the new state defined by
m before the process is repeated. Events are integrated in the
time interval tint, while t + τ ≤ t0 + tint, after which the macro-
scopic observation time t0 is incremented by tint and the
process repeated.
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ABSTRACT: Semiconductor nanocrystals or quantum dots
(QDs) are now widely used across solar cell, display, and
bioimaging technologies. While advances in multishell,
alloyed, and multinary core−shell QD structures have led to
improved light-harvesting and photoluminescence (PL)
properties of these nanomaterials, the effects that QD-
capping have on the exciton dynamics that govern PL
instabilities such as blinking in single-QDs is not well
understood. We report experimental measurements of shell-
size-dependent absorption and PL intermittency in CdSe-
CdS QDs that are consistent with a modified charge-
tunnelling, self-trapping (CTST) description of the exciton
dynamics in these nanocrystals. By introducing an effective,
core-exciton size, which accounts for delocalization of charge carriers across the QD core and shell, we show that the CTST
models both the shell-depth-dependent red-shift of the QD band gap and changes in the on/off-state switching statistics
that we observe in single-QD PL intensity trajectories. Further analysis of CdSe-ZnS QDs, shows how differences in shell
structure and integrity affect the QD band gap and PL blinking within the CTST framework.

KEYWORDS: semiconductor quantum dots, core−shell nanocrystals, photoluminescence intermittency, single molecule spectroscopy,
charge transfer, stochastic simulation

Exciton dynamics play a key role in the photovoltaic and
photoluminescence (PL) properties of nanomaterials,
effecting their performance in a range of technologies

from solar cells and catalysis to lighting, displays, and
bioimaging.1 For nanomaterials with dimensions smaller than
the Bohr exciton radius and archetypically zero-dimensional,
semiconductor quantum dots (QDs), quantum confinement
gives rise to size-dependent properties.2−4 In addition to size-
tunable emission,5 properties including reactivity,6 PL stability,7

and charge transfer8 all depend strongly on the location of the
exciton electron and hole in the QD. At sub-Bohr dimensions,
mobile charge carriers will frequently sample the QD surface
and core as well as the host medium surrounding the QD. As
such, interfacial states arising from unterminated bonds9,10 and
the QD host dielectric mismatch,11,12 along with trap states on
ligands13,14 and in the host,15,16 will all influence charge-carrier
transport and recombination at the nanoscale.
At the single-QD level, exciton dynamics manifest as

intermittency or blinking between radiative, on-states and
quenched, off-states in the temporal evolution of the PL
intensity trajectory. Since the first observations of PL
intermittency in QDs,17 blinking has been the subject of
extensive experimental and theoretical study and review.18

Along with observations of intermediate gray-state emission,19

PL enhancement,20 fluorescence lifetime correlations,21 and
memory effects,22 the complex dynamics observed in single-QD
emission provides a critical test for any comprehensive
description of exciton dynamics in these nanomaterials. A
number of models have been successful in accounting for PL
blinking in QDs, from early charging−tunnelling models of
Verberk et al.23 and Kuno et al.,24 through diffusion-controlled
electron transfer models and nontrapping hypotheses of
Marcus et al.,25,26 to more recent charging and multiple
recombination center (MRC) descriptions of gray-state
emission.27−30

Recent efforts focused on the suppression of blinking and
increased tunability of QD properties have revealed additional
roles that capping, charging, and surface states play in charge-
carrier delocalization, trapping, and recombination in QDs.
Investigations of PL intermittency in CdSe nanorods have
reinforced the actions of surface states and the particle
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nanoenvironment in trapping both long-lived bright and
quenched states of the QD.31 Studies on band-engineered,
type-I core−shell (CdSe-ZnS) and type-II QDs (CdSe-ZnTe,
CdTe-CdSe) have highlighted the effects of core-confined
exciton charge carriers in the former, and in the latter,
electron−hole separation into core and shell structures, on the
spectral tuning of QD emission across visible (type I) and
infrared (type II) frequencies.32 More recently, it has been
shown that softening the core−shell potential in graded-shell
QDs (CdSe-CdxZnx−1S, CdSe-CdSexS1−x-CdS), leads to
enhanced exciton delocalization,33,34 decreased electron−hole
wave function overlap, suppressed Auger relaxation rates, and
reduced PL quenching.35 Time-resolved studies on single-QDs
under the electrochemical control of charge on the nanocrystal
have revealed not only distinct flavours of PL intermittency, so-
called A-type and B-type blinking,21 but also a number of
exciton states with different levels of PL quenching.29,36 Most
notable in the case of CdSe-CdS is assignment of the off-state
and a deeply quenched “grey state” to positive (X+) and
negative (X−) trion states of the QD, respectively, where
delocalization of the electron-wave function in the latter makes
radiative recombination competitive with a suppressed Auger-
quenching.
We recently advanced a charge tunnelling and self-trapping

(CTST) description of exciton dynamics in QDs that models
not only the dielectric-host-dependent blinking observed in
core−shell nanocrystals and long-lived gray-states but also PL
enhancement and decay through QD shell and core
degradation.37 In the CTST model, PL blinking was assigned
to transitions between a dark, Auger-quenched, ionized, core-
charged exciton state (CX+) and emissive, neutral core exciton
(NX0) and ionized surface-charged (SX+) states of the QD via
exciton-electron (ex) tunnelling. Intermediate gray-states and
PL enhancement observed in single, core−shell CdSe-ZnS QDs
were attributed to exciton-hole (hx) tunnelling between
radiative-core and dark-surface states. PL modulation was
then found to be strongly dependent on the charge state of the
QD and location of the excess-hole (h+) in the ionized state,
the band-offset of the capping material, and the cap-depth.
Importantly, the kinetics of CTST (Figure 1) has been

formulated explicitly in terms of macroscopic properties of the
QD-host system, namely QD size, and the electrostatics of the
QD interface and the surrounding medium. More specifically,

expressions for excitation, emission, and Auger quenching rate
constants, kx, kr, and kA have been derived from empirically
measured QD size and band-gap relationships.38−40 In CTST,
on−off blinking is governed by the forward (+) and back (−)
ex-tunnelling rate constants, kion

+ , kon
− , and koff

− connecting the
neutral NX0 state and ionized states, SX+ and CX+, while hx-
tunnelling rate constants, kh

+ and kh
−, determine the equilibrium

between bright, core-hx and dark, surface-hx fractions that
further modulates PL intensities in the emissive NX0 and SX+

states. We note that charge carriers in CTST are interchange-
able in that ex-tunnelling between the QD core and surface-trap
can also modulate PL intensities in the case of hole ejection
from the QD and formation of the negative trion state. The
tunnelling rate constants are defined by size-dependent, QD
and charge-carrier capture cross sections and tunnelling
probabilities that are sensitive to the different barrier lengths
and heights along the separate ex and hx-tunnelling coordinates.
Mean tunnelling barrier potentials are determined by valence
band (VB) and conduction band (CB) energies of the QD and
offsets of the shell and surface and host-trap energies (Note S1
and Figure S1 in SI). In the CTST model, the tunnelling
electron is stabilized by the reaction field (self-energy) it
generates in the polarizable dielectric matrix (or ligands)
surrounding the QD, while the excess hole self-traps at the
surface due to the reaction field produced through the dielectric
mismatch at the QD−host interface.
In this article, we report experimentally measured PL

intermittency in core−shell CdSe-CdS QDs, which display
shell-depth-dependent blinking statistics, as characterized by
the on-time and off-time probability density distributions
(PDDs) extracted from single-QD PL intensity trajectories.
We show that a simple modification of the CTST model
describing an effective QD core “exciton radius” not only
accounts for the red-shift in the first-exciton absorption with
shell-thickness but also changes in the on- and off-time blinking
statistics.

RESULTS AND DISCUSSION

We fabricated core−shell CdSe-CdS nanocrystals with a fixed
CdSe core size and carefully controlled CdS capping-layer
thickness, through standard colloidal synthesis routes.41

Successive ionic layer adsorption and reaction (SILAR) was
used to control epitaxial growth and number of CdS

Figure 1. Schematic definition of QD states and rate constants used in the CTST model. Excitation and emission constants kx and kr connect
the ground and NX0 states, respectively. The exciton-electron kinetics are determined by a trap distance and energy-dependent tunnelling rate
constant kion

+ that leaves the QD ionized in either a CX+ or SX+ state depending on a surface-to-core volume trapping probability. In the CX+

state, the Auger rate, kA dominates recombination leaving the QD dark, but in SX+, the core is neutral, and PL emission persists. QD blinking
is associated with back-tunnelling rate constants kon

− and koff
− for electron recombination at the excess hole (magenta) on either the QD core in

CX+ or surface in SX+. Additional PL modulation associated with gray-state emission is accounted for by exciton-hole (blue) tunnelling
between the QD core and surface, where the core surface equilibrium is governed by the tunnelling rates, kh

+ and kh
−, respectively. Following

biexciton formation in the SSX+ state, Auger recombination leads to a hot electron that quenches the excess surface hole at a rate, kc, which is
dependent on the hole-to-core volume ratio.
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monolayers (MLs) deposited on the CdSe core.42 For a typical
series of QDs with shells ranging 0−4 CdS ML, the QDs
exhibited clear size-dependent absorption and PL emission
spectra with increasing ML number (Figure 2a). Further
analysis of transmission electron micrographs (Figure 2b)
revealed size distributions (Figure 2c) with a core diameter of
3.4 ± 0.2 nm and shell diameters of 4.1 ± 0.3, 4.9 ± 0.3, and
5.9 ± 0.2 nm. We found these sizes consistent with the 0, 1, 2,
and 3 cycles of CdS ML growth on the CdSe core, when a CdS
lattice spacing43 of 0.36 nm (Figure S2, SI) is used to determine
ML numbers 0, 0.9, 2.1, 3.5 ML from the core and shell
diameters.
Red shift of the first exciton with increasing shell thickness is

accounted for by leakage (exponential decay) of the ex and hx
wave functions into the shell, which will depend on the
conduction band (CB) and valence band (VB) offsets of the
capping medium relative to the core material. In particular, for
CdSe-CdS the CB offset is of the order 0.3 eV allowing ex-
delocalization beyond the QD core into the shell, with the
larger exciton radius giving rise to a lower QD band gap. For
core-only QDs, the band gap scales quadratically with the
inverse of the QD core radius, Rc, due to quantum confinement
of the exciton.4 On this basis, for core−shell CdSe-CdS QDs,
we define an effective radius of confinement, the “exciton
radius” Rx, using a simple relationship between QD diameter
and the first-exciton wavelength.39 In this case, the effective
radius (Figure 2d) is derived from the empirical fit EQD = 1.74
+ 0.45/Rx

2 + 0.5/Rx,
37 (Figure S3, SI), where EQD = hc/λ, and λ

is the wavelength of the first-exciton absorption peak, which we
found to scale linearly with low CdS ML number (Figure 2d
inset). For our CdSe-CdS QDs, the dependency of the band
gap on Rx gives a simple functional relationship between the
effective, exciton radius and CdS ML number (Figure 2e).
PL intensity trajectories of single QDs were recorded for our

CdSe-CdS nanocrystals with varying shell thickness over the
range of 0−3.5 ML. Trajectories were observed to shift from
largely PL-off to mostly PL-on with increasing cap depth
(Figure 3a), a feature captured in the intensity histograms
(Figure 3b) of over 104 data points (>1000 s at 80 ms per PL

integration). Trajectories were analyzed for switching between
bright, PL-on and dark, off states using a 2σ threshold above the
dark-state mean intensity and on- and off-time PDDs
constructed from over 50,000 events from 25 to 30 QDs. We
note that long intensity trajectories (>20 min) with minimal PL
enhancement or decay are essential for an effective analysis of
blinking statistics.44,45 Furthermore, while some variation in the
PL-on state intensity is evident in the QD-trajectories analyzed,
intermediate, gray-state emission was not observed at
sufficiently discrete and distinct levels to permit a separate
analysis from the on−off state blinking statistics. Significantly,
we observed measurable differences between on- and off-time
PDDs over the 0, 0.9, 2.1, and 3.5 CdS ML range (Figure 3c).
PDDs were fitted with the ubiquitous truncated power-law
(TPL), P(t) = At−αe−t/τc, used to describe the decay (α) and
cutoff (τc) in on−off blinking events in single QDs, organic
dyes, and fluorescent proteins.
Qualitatively, off-time PDDs were seen to change little over

the sample range, while on-times exhibit increased truncation of
the PDD and a decrease in the power-law decay with shell
thickness. The latter trend is more evident in the accumulated
histograms of exponents extracted from fitting the TPL to the
PDDs from individual QDs, which shift markedly to lower αon

and more weakly to higher αoff with increasing CdS ML
number (Figure 3d and Table 1). On the simplest level,
observed trends in the intensity trajectories and power-law
exponents are consistent with a model of exciton charge-carrier
tunnelling through a CdS shell barrier of increasing length,
where QD charging and hence PL quenching are increasingly
less likely and longer on times increasingly more likely. On a
more complex level, on-time PDDs exhibit decreasing
truncation times, τc, with increasing cap depth (Table 1), a
trend that appeals to a more detailed examination of the exciton
dynamics for explanation.
We used the modified CTST model in a standard stochastic

simulation algorithm (SSA) to generate single-QD intensity
trajectories from which on/off-time PDDs were extracted and
analyzed using the TPL. In the modified CTST, all former core
size-dependent parameters such as the rate constants, kx, kr, and

Figure 2. Shell size-dependent spectroscopy in core−shell CdSe-CdS QDs and the effective exciton radius. (a) Absorption and PL spectra (λex
= 473 nm) as a function of CdS shell ML number. Epitaxial shell growth was performed by successive adsorption reactions of S and Cd
precursors for 1−4 CdS MLs. Actual ML number is determined from TEM sizing and a CdS lattice spacing of 0.36 nm (Figure S2, SI). (b and
c) TEM micrographs of the as synthesized nanocrystals and corresponding particle size distributions with averages 0 ML = 3.4 ± 0.2 nm, 0.9
ML = 4.1 ± 0.3, 2.1 ML = 4.9 ± 0.3 nm, and 3.5 ML = 5.9 ± 0.2 nm. (d) The effective QD radius of confinement, Rx as a function of the QD
band gap energy EQD = hc/λ, where λ is the first-exciton peak from the absorption spectra in (a) for each CdS shell thickness (inset). (e) The
“exciton radius” Rx as a function of CdS ML number (n) derived from the root of the quadratic hc/λ(n) = 1.74 + 0.45/Rx

2 + 0.5/Rx, where λ(n)
= 555 + 11.5n is a linear-fit to inset of (d). Schematic definition of the effective “exciton radius” Rx (inset) in relation to the QD core and shell
radii, Rc and Rs.
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kA and tunnelling constants kion
+ , kon

− , koff
− , kh

+, and kh
−, are made

dependent on Rx (Note S1 in SI). The exciton radius, Rx, itself
is derived from the first exciton absorption (Figure 2a) for each
0−3.5 ML CdS capped QD, as outlined above. In CTST,
following ionization of the QD via ex-tunnelling, the branching
ratio between CX+ and SX+ states is determined by the
probability of h+-trapping on the QD surface. This was made
dependent on the surface to volume atom fraction to reflect the
scaling of trap densities on a per atom basis. Here, we retain the
general form for the surface trapping probability, ps = 4aRs

2/
Rc

3, where Rs = D/2 is the shell radius derived from the TEM-
PSD (Figure 2c), Rc is the core radius (Rs at 0 ML), and a is an
atomic radius, assumed here to approximate half the CdSe
bond length (∼0.26 nm).37 Core-CdSe and CdS-shell band
energies were taken from literature values,46 and all other
parameters are matched closely to experimental conditions;
notably the excitation wavelength 473 nm and intensity 0.1
kWcm−2 ultimately determine the excitation rate through an Rx-
dependent cross-section.39 Given the limits of stochastic
uncertainty, on- and off-time PDDs produced within the

CTST framework show good qualitative agreement with
experiment (Figure 3e).
Further analysis of the PDDs with the TPL showed strong

correlations between experimental exponents and (on-time)
cutoff times and those obtained from CTST simulations
(Figure 4a−c and Table 1). In particular, αon shows the same
decrease with increasing CdS ML number, while αoff was found
near-constant over the shell-thickness range. Most significant is
the trend in the cutoff times, τc, where both the model value
and the TPL value obtained from stochastic simulation
compared well with experiment. In CTST the on-time cutoff
is given by τc = Γon

−1, where Γon is the truncation rate:37

Γ = | | −⎛
⎝⎜

⎞
⎠⎟k F

r
R

e E kT
on xx

2 h

x

3
/a

(1)

Here kxx = kx fc is the biexciton formation rate, where fc is the
core-exciton fraction (Note S1 in SI) and F = 3εs/(2εs + εQD) is
the local-field factor for a QD of dielectric constant εQD in a
surrounding medium of permittivity εs. The cubic term defines
a reduced probability of electron recombination at the surface-

Figure 3. Shell size-dependent blinking in CdSe-CdS QDs. (a) Extracts from experimental single QD PL trajectories of core−shell CdSe-CdS
QDs and (b) PL intensity histograms as a function of CdS shell ML number. (c) PDDs of on- and off-times extracted from experimental
trajectories with a 2σ threshold above the mean intensity of the background signal. The PDDs represent the average from over 30 QDs and a
total of around 40000 on−off events for each CdS shell thickness. Densities have been have been scaled for clarity, 0 ML = 1000× (magenta),
0.9 ML = 100× (blue), 2.1 ML = 10× (green), 3.5 ML = 1× (red). (d) Histograms of the power-law exponent αon and αoff derived from fitting
the PDDs in individual QDs with the TPL P(t) = At−αe−t/τc. (e) Corresponding on- and off-time PDDs derived from the stochastic simulation
of PL intensity trajectories of single QDs using the modified CTST model, wherein QD size-sensitive properties are made dependent on the
effective “exciton radius”, Rx. PDDs were processed as per (c) with scaling 0 ML = 1000× (pink), 0.9 ML = 100× (cyan), 2.1 ML = 10×
(olive), 3.5 ML = 1× (orange).

Table 1. Shell Size-Dependent Exciton Radius and TPL Fitting Parametersa

QD and exciton sizing experimental simulation model

ML D (nm) Rx (nm) αon αoff τc(on) αon αoff τc(on) τc(on)

0 3.4 1.59 1.6 1.6 4.9 1.7 1.7 9.0 5.1
0.9 4.1 1.69 1.4 1.7 3.0 1.5 1.8 3.6 3.2
2.1 4.9 1.87 1.3 1.8 2.8 1.2 1.8 2.4 2.3
3.5 5.9 2.09 1.0 1.8 1.9 0.7 1.7 1.5 1.9

a[D] QD diameters obtained from the particle size distributions (Figure 2c). Error in D ≤ ± 0.3 nm. [Rx] Exciton radii derived from hc/λ(n) = 1.74
+ 0.45/Rx

2 + 0.5/Rx (Figure 2e). [αon/off] Mean power-law exponents extracted from fitting the TPL to experimental and simulated on- and off-time
PDDs. Error in both αon and αoff ≤ ± 0.2. [τc(on)] Mean truncation time (in seconds) extracted from TPL fitting to experiment and simulation.
Error in τc(on) ∼ 60%. Model values are derived from eq 1.
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localized h+-trap of radius, rh, compared with the core-hx, and
the Arrhenius term accounts for a weak temperature depend-
ence.25,47 The expression is consistent with intensity-dependent
studies of cutoff times that identified a role for the biexciton in
QD blinking.48 In the CTST model, quenching of the surface-
localized h+ occurs via “hot” electron recombination that
competes with radiative recombination with the residual core-
hx, where the delocalized electron is produced from fast Auger
relaxation of the biexciton state SXX+ (Figure 1d and Figure S4
in SI). We note that a negative, core trion-state fraction can be
formed in the SXX+ state, with both h+-trapping at the QD

surface and hx-sampling of the surface. In this case we assume,
radiative relaxation competes favorably with the Auger
excitation of the excess electron, due to delocalization of the
electron wave function and a reduced electron−electron−hole
overlap.36 The probability of h+-quenching in the SSX+ state is
ultimately determined by the ratio of ex-h

+ and ex-hx “overlap”
volumes (rh/Rx)

3. In simulations, the cutoff rate is evaluated
using a QD size-dependent dielectric constant,49 εQD, with the
dielectric constant of the QD surround matched to that of the
organic capping layer (octadecylamine), εs = 2. For the
experiments performed under air, the organic-ligand is assumed
largely collapsed and dominates QD surface coverage, such that
the QD-ligand dielectric mismatch dictates the self-energy of
the surface hole, rather than QD interactions with the glass
substrate or air. To restrict modification of the CTST model to
a single change in definition of the QD core radius, we maintain
the h+-trap radius defining its localization at the QD surface at
rh = 0.3, as per previous studies.37 However, it should be
recognized that the cutoff rate constant defined by eq 1 will be
sensitive to exact values of the h+-trap size and the dielectric
constant at the QD−host interface. For example, increasing the
dielectric constant at the QD surface to that of the glass
substrate, εs = 3.8, requires a 1/3 reduction in the trap radius to
obtained cutoff times within 50% of those obtained for εs = 2
and rh = 0.3 nm (Table 1), although the trend to shorter times
with increasing shell thickness remains consistent. We reiterate
that for simulations presented here, substitution of the effective
exciton radius, Rx, in all QD-core radius-dependent rate
constants represents the only modification to the CTST
model. For our experimental conditions, the modified-CTST
model gives excitation, emission, and Auger rate constants with
orders of magnitude: kx ∼ 105 s−1, kr ∼ 107 s−1, and kA ∼ 1010

s−1, respectively; a forward ex-tunnelling constant of order, kion
+

∼ 106 s−1; back-tunnelling constants, kon
− ∼ 10 s−1 and koff

+ ∼
100 s−1 (for a fixed tunnelling length of 1 nm) and an exciton-
hole tunnelling equilibrium constant varying as kh

+/kh
− ∼ 1−100

(in the SX+ state) with increasing shell thickness (Table S1, SI).
To understand the trends observed in our experimental TPL

exponents, αon/off, we compared average on- and off-times with
switching rates between the bright, SX+ and dark, CX+ states of
the QD. For a nonstationary, on−off blinking process, the
power-law component of on- and off-time distributions is
strictly invariant with a mean dependent on the range of times
analyzed. To compare PDD decays across all shell thicknesses,
we calculated mean on(off) durations between a minimum
time, tmin, defined by the photon integration time (80 ms) and a
maximum, tmax, defined by the shortest cutoff time across all cap
depths (1.9 s for on times and 69 s for off-times), where the
mean is given by τ = (1 − α)/(2 − α)·(tmax

2−α − tmin
2−α)/(tmax

1−α −
tmin
1−α). Thus, for fixed tmin and tmax, the mean residence time
increases with decreasing α, for 1 < α < 2. We found the trends
in both mean on- and off-times, ⟨τon⟩ and ⟨τoff⟩, matched
closely with the expected trend in mean residence times of the
SX+ state and CX+ state derived from the CTST model (Figure
4d−e). The mean residence time derives from the probability,
ps, of h

+-trapping on the ionized QD surface and the mean
electron-recombination rate in each charged state. Specifically,
for switching between SX+ and CX+ it can be shown (Note S2
in SI) that ⟨τon⟩

−1 = (1 − ps)⟨kon
− ⟩ and ⟨τoff⟩

−1 = ps⟨koff
− ⟩, where

⟨kon
− ⟩ and ⟨koff

− ⟩ are mean tunnelling rates constants from the
host trap to the charged QD derived from37

Figure 4. Dependence of the TPL parameters describing blinking
statistics in core−shell CdSe-CdS QDs on shell ML number. (a)
The on-time PDD power-law exponent, αon. (b) Off-time PDD
power-law exponent, αoff. (c) The cutoff time τc characterizing the
exponential truncation of the on-time PDDs. Values from
experiment (blue) and simulation (red) represent the mean and
standard deviation from the population of single CdSe-CdS QDs
sampled for each shell thickness. Theoretical τc values (green)
derived directly from the CTST model are evaluated using eq 1.
Gray lines in (a) and (b) are for guidance only, and in (c) an Rx

−3.3

function (see text) is mapped to ML number (see Figure 1e). (d)
Dependence of the mean experimental on-time ⟨τon⟩ (blue points)
on the effective “exciton radius”, Rx along with ⟨τon⟩ derived the
CTST model (cyan) with contributing components (1 − ps)

−1

(magenta) and ⟨kon⟩
−1 (orange) from simulation. (e) As in (d) but

for mean off-times ⟨τoff⟩ from experiment (blue points) and the
CTST model (cyan) along with components, ps

−1 (magenta) and
⟨koff⟩

−1 (orange). Note the component functions have been
arbitrarily scaled for clarity. (f) Biexciton formation rate constant
from simulation (blue points) and the functional dependency, Rx

6.3

(cyan) from fitting the rate constant with the influence of hx
surface-sampling included. Also shown to highlight the effects of
charge carrier dynamics, is the Rx

11.5 (magenta) dependence of
biexciton formation in the absence of hx-tunnelling.

ACS Nano Article

DOI: 10.1021/acsnano.7b01978
ACS Nano XXXX, XXX, XXX−XXX

E



σ
π

= ϕ− ℏk A
R4

e l m

0
2

8 /

(2)

where the tunnelling probability is dependent only on the
tunnelling length, l, and mean barrier height ϕ, while the
attempt-to-escape frequency, A, capture cross-section, σ, and
electron trap to QD hole, center-to-center distance, R0, are all
sensitive to the size of the QD core or h+-trap. In particular, for
the localized surface-h+ in SX+, σ = πrh

2, while for the core-h+ in
CX+, σ = πRx

2.
For electron return in the on-state, SX+, it can be shown that

the increase in mean on-time ⟨τon⟩ with increasing Rx (Figure
4d) derives from the increase in the surface h+-trapping
probability, ps, with shell thickness and surface-to-core atom
number ratio. The effect is compounded by a back-tunnelling
constant, ⟨kon

− ⟩, that decreases with increasing exciton size as
the confinement energy lowers. In the case of electron return in
the off-state, CX+, the increase in ps with the shell radius now
results in a strong decrease in the mean off-time ⟨τoff⟩ with
increasing Rx (Figure 4e). In this case the decrease is moderated
by an ex-tunnelling constant, ⟨koff

− ⟩, that again decreases with Rx
at low shell-thickness, through lower electron kinetic energies
with increasing exciton radius. We note that the origin of the
power-law exponent in CTST differs from existing charge-
tunnelling models that have shown that, for switching between
neutra l on- and charged off - s ta tes of the QD,
α ϕ ϕ= +1 /f b , where ϕf and ϕb are forward and back ex-

tunnelling barriers, to and from the host-trap, respectively.23,24

Our results show αon and αoff in CTST derive largely from
switching between the dark-CX+ and bright-SX+ states with the
neutral NX0 state, a transient intermediate. Since electron
recombination occurs from an external trap in both charged on-
and off-states, both on- and off-times will be power-law
distributed, due to the range of back-tunnelling rates that result
from a random distribution of electron-trap distances from the
QD.
In a final analysis of TPL cutoff times for on-time PDDs, we

found the increasing truncation rate observed experimentally to
be strongly dependent on biexciton formation within the CTST
mechanism for SX+-state quenching (Figure S4, SI).37 Here, kxx
approximates an Rx

6.3 dependence (Figure 4f) through a QD

volume and band-gap-dependent absorption cross-section, a
weak inverse size dependence of the radiative rate and a
reduced core-exciton fraction due to hx-tunnelling (Figure S5,
SI). The biexciton rate and h+-quenching probability, (rh/Rx)

3,
combine to give a truncation rate scaling as Γon ∝ Rx

3.3, which
maps to the decrease in τc with increasing shell thickness
(Figure 4c) through the dependence of Rx on CdS ML number
(Figure 1e). We find predicted values of the cutoff times match
closely the experimental values (within error) across the range
of CdS MLs analyzed. We note that cutoff times obtained from
PDDs derived from simulations show divergence at the bare,
core-only QD (0 ML), with a larger than predicted cutoff time.
A subtle interplay between slow electron recombination in both
SX+ and CX+ states and equally slow h+-quenching in SX+ tends
to broaden the distribution of truncation rates and lengthen
mean cutoff times across individual simulations. We further
recognize that the small sampling of truncation events at long
times leads to large fitting errors of the TPL to PDDs from
both simulation and experiment. However, model values (eq 1)
show good quantitative agreement with experiment, and the
trend of decreasing cutoff times with increasing CdS ML
number is consistent between experiment and simulation.
Interestingly, the size dependency of the bright, SX+-state cutoff
here compares well with other measures of PL quenching
reported elsewhere. For example, Early et al. have related on-
time power-law truncation in CdS-ZnS QDs to a biexciton
driven process, with an ionization probability from the radiative
neutral state that scales as R−3.5 and correlates with the
decreased electron−hole wave function overlap in the ZnS shell
with increasing QD-core radius.50 Blaudeck et al. have shown
that the PL quenching rate in bulk, colloidal CdSe-ZnS QDs in
toluene (at a fixed optical density, i.e., fixed excitation rate, kx)
decreases with a similar dependence on QD-core diameter,
approximately (2R)−2.8, in the presence of a pyridyl-function-
alized porphyrin surfactant molecule.51 In this case, the
molecule acted as a charge-carrier trap and probe of exciton-
wave function leakage at the QD surface, with the probability
density of electron-wave function overlap at the probe
displaying the same QD-core size dependency as the PL
quenching rate. Despite, the similar trends in on-time
truncation and PL quenching with QD size, the origin of the

Figure 5. Shell size-dependent spectroscopy and blinking in core−shell CdSe-ZnS QDs. (a) Absorption and PL spectra (λex = 473 nm) as a
function of ZnS shell ML number. Epitaxial shell growth was performed by successive adsorption reactions of S and Cd precursors for 1 to 8
ZnS ML. (b) Particle size distributions (PSDs) obtained from low-resolution TEM with averages 0 ML = 3.4 ± 0.2 nm, 4.2 ML = 6.1 ± 0.4,
5.8 ML = 6.9 ± 0.3 nm, and 8.4 ML = 8.5 ± 0.3 nm. (c) Probability density distributions (PDDs) of on-times and (d) off-times extracted from
experimental trajectories. The PDDs represent the average from over 30 QDs and a total in excess of 30,000 on−off events for each ZnS shell
thickness. Densities have been have been scaled for clarity, 0 ML = 1000× (magenta), 4.2 ML = 100× (blue), 5.8 ML = 10× (green), 8.4 ML =
1× (red). (e) Histograms of cutoff times, τc(on), derived from fitting the on-time PDDs of individual QDs with the TPL, P(t) = At−αe−t/τc.
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size dependency differs from CTST in that cutoff is generally
attributed solely to ionization of the neutral, radiative state to
an Auger-quenched, core-charged state rather than a quenching
of the bright, surface-charged state. It may be that both
mechanisms play some role in power-law truncation, along with
the cutoff that will arise from a limited set of trap states in a
MRC-like description of blinking.
To conclude, we compare our results with previous studies

on shell-dependent QD blinking.52−54 Wang et al.52 have
examined blinking in multilayered CdSe/CdS/ZnxCd1−xS/ZnS
QDs, reporting shell-thickness dependencies of the power-law
exponents that align well with our measurements. In particular
over the same range of 0−3.5 ML shells, αon was found to
decrease (from 1.35 to 1.0) and αoff increase (from 1.4 to 2)
with increasing cap depth. Furthermore, measurement of the
power dependence of truncation rates in the on-time PDDs of
these QDs showed a trend to shorter cutoff times with
increasing shell thickness, consistent with observations reported
here. Most recently, Gao et al.53 have examined shell-dependent
transitions between on-, gray-, and off-states in the PL emission
from CdSe-CdS QDs. Although the study focused on the
resolution of different exciton states through the correlation of
PL lifetimes with bright, intermediate, and dark-state emission
intensities, on- and off-time blinking statistics are presented that
show similarities with our data. Notably, on-time and off-time
(log−log) PDDs trend to lower and higher gradients,
respectively, with increasing shell thickness (0−4 CdS ML),
although no explicit analysis of the TPL parameters was
performed and trends in the truncation times are less easy to
discern in the data. We also note that the diffraction-limited,
pulsed-laser excitation intensities (1−10 μW) used in these
experiments were some 5−50 times larger than the CW laser
power densities used in our experiments. Significantly, the
authors develop a model to account for multilevel emission
observed at these moderate to high excitation rates, which we
discuss in relation to CTST in our concluding remarks.
In earlier studies, Heyes et al.54 reported TPL parameters

from the analysis of blinking in ZnS capped CdSe QDs in the
range between 0 and 7 ML. On- and off-time exponents, as well
as the on-time cutoff, were found to vary (αon = 1.9 ± 0.1, αoff =
1.6 ± 0.1, and τc = 5.5 ± 1.4 s), with little or no obvious
correlation with shell thickness. Here, we note that ZnS shells
tend to lack the integrity that CdS shells offer due to lattice
mismatch and lead to less reliable blinking statistics.
Interestingly, in experiments we have performed on CdSe-
ZnS QDs, we observed a first-absorption band-shift with QD-
size (Figure 5a−b) as well as blinking statistics (Figure 5c−e)
that display similar trends to our CdSe-CdS QDs, but with
different shell-thickness dependencies. For example, the red-
shift in QD band gap with shell radius, Rs = D/2, is smaller in
ZnS than CdS (Figure 6a), which would appear consistent with
a larger CB offset that constrains leakage of the electron-wave
function into the ZnS shell and the lowering of the exciton
energy. On the other hand, on-time PDDs show a shortening of
cutoff times, τc, with increasing shell thickness that is more
consistent with a reduced shell radius and effective ZnS ML
number that matches closely that of CdS (Figure 6b). We find
through simulation that parametrizing the CTST model with
ZnS shell-thicknesses derived from ZnS deposition cycles in the
synthesis and TEM-PSDs, along with the correct CdSe to ZnS,
CB, and VB offsets (1.4 eV and −0.6 eV),55 does not reproduce
our experimental TPL parameters well. Most significant is a
large, overestimation of the cutoff times with large ZnS ML

Figure 6. Shell structure-dependent power-law truncation in CdSe-
ZnS QDs. (a) Size-dependent first-exciton absorption for core−
shell CdSe-ZnS (blue) and CdSe-CdS (red). Shell radii Rs = D/2
are derived from TEM-PSDs in Figure 5b and Figure 2c and ZnS
ML (inset axis) from the number of SILAR capping cycles. An
effective shell radius and ZnS ML number is defined by mapping
each exciton wavelength to the corresponding CdS radius at the
same wavelength (gray lines). (b) Cut-off times derived from TPL
fitting to on-time PDDs extracted from experimental (blue) CdSe-
ZnS single PL trajectories and calculated (red) from the CTST
model (eq 1) based on the effective ZnS ML number in (a). Line
(gray) shows fit to CdSe-CdS cut-off times (from Figure 4c) for
comparison. Inset are cut-off times (cyan) calculated for as-
synthesized ML number. (c and d) TEMs of core CdSe with 3.5 ML
CdS shell and 8.4 ML ZnS capping, respectively. Scale bars are 20
nm. Insets show expanded ROIs (yellow) highlighting in (c) a
typical CdSe-CdS QD of mean diameter (orange circle) from the
PSD (Figure 2c) and in (d) a CdSe-ZnS QD with a mean size (cyan
circle) from the PSD (Figure 5b) along with the effective size
(orange circle) derived from the first-exciton absorption. (e)
Variation of the QD shell radius, Rs = Rc + 0.31n (black) with ZnS
ML number n. Core-exciton radius Rx as derived from oversized
(solid blue) and reduced-shell (solid red) radii, along with
tunnelling lengths, d = Rs − Rx, for oversized (dotted blue) and
effective (dotted red) shell radii. (f) Corresponding Rx dependence
of the biexciton formation rate for oversized (blue) and effective
(red) shell-sizes, respectively. Insets are representations of the
CdSe-ZnS core−shell QDs with an oversized (cyan) and a reduced
shell-thickness (orange), showing the shift in the hx-equilibrium
(blue hole) between QD core and surface with different shell sizes,
relative to the effective core-exciton size (yellow).
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number (Figure 6b inset). On closer inspection of EM images
of our CdSe-ZnS QDs, we observed a significant loss of
structure in the ZnS shell compared to CdS (Figure 6c−d and
Figure S6, SI). The former displays a largely irregular and
anisotropic surface in contrast to the well-ordered surface of the
latter, which can been attributed to differences in the core−
shell lattice mismatch.56 Given the evident loss of “complete”
monolayers in the ZnS shell, we propose an effective shell
thickness to account for cutoff times close to those observed for
CdS. For simplicity, we use the shell radius dependence of the
first-exciton wavelength in “closed-shell” CdSe-CdS QDs
(Figure 6a) to derive the effective Rs and hence effective ZnS
ML number in the CdSe-ZnS QDs. Impressively, by using the
reduced number of ZnS MLs and shell thickness, predicted
cutoff times were found to align closely with experiment,
trending correctly to shorter times with increasing ZnS ML
number (Figure 6b).
Within the CTST mechanism for SX+-state quenching,

biexciton formation depends strongly on the core exciton
fraction. In the case of a reduced-shell radius, the effective core-
exciton radius increases rapidly with ZnS ML (Figure 6e) such
that kxx scales strongly with Rx (Figure 6f), as per CdS capped-
QDs. Here, hx-tunnelling between the QD core and surface has
little influence on the core-exciton fraction due to small
tunnelling lengths, d = Rs − Rx, between the effective core and
shell surface. For “over-sized” shells, the reverse is true; Rx
increases slowly with ZnS ML number, and the hx-tunnelling
length rises steeply with shell thickness. The core-exciton
fraction is now significantly reduced due to a shift in the hx-
equilibrium toward the QD surface. The shift arises from the
mismatch in tunnelling barriers to and from the surface, where
hx−h+ repulsion lowers the barrier height to forward tunnelling
and raises the barrier to back tunnelling from the surface. The
net effect is significantly reduced biexciton formation rates with
increasing Rx (Figure 6f) and consequently decreased h+-
quenching rates with shell thickness. This same mechanism of
core-exciton modulation forms the origin of gray states and PL
enhancement in CTST.37 We note that even for a reduced,
effective ZnS shell or indeed “complete” CdS shells that the
red-shift of the first exciton will saturate at some maximum
wavelength for large shell thicknesses (∼620 nm for 19 CdS
ML),57 beyond which Rx will remain constant as Rs grows and
the tunnelling length, d, will increase linearly with shell depth.
Again the core-exciton fraction, the biexciton formation rate,
and ultimately the on-time truncation rate are all lowered as for
the “over-sized” ZnS shells. The effect here is that the
truncation of on-times will peak at some saturating cap depth
and decline at “giant” shell thicknesses. Such an effect explains
our observations of increasing truncation at small CdS ML
numbers and may account for previous observations of little or
no truncation at long on-times (as per off-times) in so-called
“giant” QDs with large (>16) CdS ML numbers.58

CONCLUSIONS
In summary, we have performed a systematic study on shell
thickness-dependent PL intermittency in core−shell QDs, the
results of which are described well within a modified CTST
framework of exciton dynamics. The red shift in the first
exciton absorption with increasing shell thickness is associated
with ex-delocalization into the QD shell and motivates the
introduction of an effective exciton radius, Rx, in the CTST
model that falls between core and shell radii and naturally
accounts for the QD size-dependent band gap. The effective

radius was also found to adequately describe the size-dependent
rate constants in our stochastic simulations of single QD
intensity trajectories that reproduce the shell-dependent
blinking statistics we observe in both CdSe-CdS and CdSe-
ZnS QDs. Analysis of the distributions of PL on- and off-state
dwell times in both experimental and simulated QD trajectories
using the ubiquitous TPL revealed distinct trends in the TPL
parameters, αon, αoff, and τc (on), that were readily accounted
for in the context of the CTST model. The observed trends to
longer on-times and shorter off-times with shell thickness are
attributed to the decrease in the rate of transition out of the
bright, SX+-state, ⟨τon⟩

−1, and increased rate out of the dark,
CX+-state, ⟨τoff⟩

−1, that follow closely the increased probability
of excess h+-trapping at the QD surface with an increase in
surface area. The increasing truncation observed in the power-
law distribution of on-times is rationalized in the CTST model
by quenching of long dwell times associated with the surface-
charged, PL-on state, by hot-electron recombination with the
excess, surface hole. The Auger-mediated process provides an
alternative mechanism for power-law truncation, but supports a
QD size dependency (∼Rx

−3) in the cutoff rate (at fixed
excitation rate) that closely matches that of the QD-ionization
probability and PL quenching rates measured elsewhere.50,51

Ultimately, on-time truncation in CTST is controlled by the
exciton charge-carrier equilibrium constant, kh

+/kh
−, between the

QD-core and surface that determines the core-exciton and
biexciton fractions. The dependence of this equilibrium
constant on shell thickness can be loosely compared to that
defined by charge separation (or electron transfer, ET) and
recombination (or hole transfer, HT) rates derived from PL
lifetimes by Zhu et al.59 in core−shell-acceptor (CdSe-ZnS-
anthraquinone) systems. Both ET and HT rates were found to
decrease as k(d) = k0e

−βd with increasing shell thickness d, but
with different transmission coefficients β = 0.35 and β = 0.91,
respectively. In this case, the equilibrium between charge
separation and recombination scales as, kET/kHT ∝ e0.56d, such
that it will be pushed toward the charge-separated state with
increasing shell thickness. The dependence is analogous to the
exponential growth in kh

+/kh
− with shell thickness that we find in

CTST (Table S1, SI).37 Finally, we note that the modified
CTST model presented here does not formerly differentiate
between the different degrees of confinement of the electron
and hole in CdSe-CdS QDs. The effective exciton radius, Rx,
provides only a measure of exciton delocalization beyond the
QD core (Rc) but within the QD-shell (Rs) radius that is
consistent with our observations of a first-exciton red-shift and
increased on-time power-law truncation with shell thickness.
Recasting the CTST model to include explicit ex-tunnelling
between core and surface states of the QD, with suppressed hx-
tunnelling to reflect greater hole confinement, may provide
greater physical insight into individual charge-carrier dynamics
as well as the flexibility to model more complex PL phenomena
in different QD morphologies and heterostructures. For
example, in the recent shell-dependent PL studies by Gao et
al.,53 a compelling scheme has been proposed to account for
bright-, gray- and off-states that include: dark, biexciton and
charge-separated states; intermediate, charged surface, core-
trion states; the neutral, PL-on state; and an additional, bright
surface-charged, neutral-core QD state. The bright state was
associated with the measurement of a short PL lifetime (<1 ns),
along with neutral state (∼20 ns), during transient periods of
strong emission in the QD PL intensity trajectory. The reduced
radiative lifetime was attributed to increased overlap of the ex
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and hx-wave functions in the core, due to an enhanced
confinement of the exciton-electron induced by the repulsive
field of a surface-trapped electron. Interestingly, theory on core-
only QDs suggests ex and hx-wave functions are rather polarized
in the presence of a charge trapped externally to the QD, with
reduced overlap and emission from the NX0 state.49 In
addition, both positive CX+ and negative CX− trion states
have been shown to exhibit reduced radiative recombination
probabilities compared to NX0, due to charge-carrier
correlations; in the former, due to hole−hole repulsion, and
in the latter, due to a weaker but still effective, electron−
electron correlation.60 While it is evident that charge-carrier
interactions play an important role in QD exciton dynamics,
effects of carrier localization (via trapping) and delocalization
(via tunnelling) on the polarization and separation, or
conversely, on enhanced confinement of charge-carrier wave
functions in core−shell QDs are less well understood.
Incorporating these effects in the CTST model, along with
additional ultrafast carrier relaxation processes that have been
identified in recent time-resolved transient absorption experi-
ments,61 will ultimately provide a more complete description of
exciton dynamics in QDs and other nanomaterials.

MATERIALS AND METHODS
Chemicals. Cadmium oxide (CdO) 99.5% trace metals basis,

stearic acid (SA) 95% reagent grade, 1-octadecene (ODE) 90%
technical grade, octadecylamine (ODA) 90% technical grade,
trioctylphosphine (TOP) 90% technical grade, sulfur 99.5%, oleic
acid (OA) 90% technical grade, and zinc oxide (ZnO) 99% ACS
reagent were sourced from Sigma-Aldrich. Selenium 99.999% 200
mesh was sourced from Alfar Aesar. Ethanol, chloroform, and n-hexane
were sourced from VWR. Chemicals were used without further
purification.
CdSe Core Synthesis. CdSe QDs were synthesized according to a

modified literature procedure.41 A trioctylphosphine-selenide (TOP-
Se) stock solution was first prepared by dissolving Se shot (0.157 g) in
TOP (2 mL) in a round-bottom flask (RBF) at room temperature
under rapid stirring. A three-neck RBF (25 mL), equipped with
condenser, stir bar, rubber septa, and thermocouple (Eurotherm 2116)
was charged with CdO (25 mg), SA (0.22 g) and ODE (3 mL). The
flask was evacuated on a Schlenk line, heated to 80 °C for 20 min
stirring at 800 rpm, placed under argon, and heated further to 250 °C.
The formation of cadmium stearate was indicated by the mixture
becoming clear and colorless. The solution was cooled to room
temperature, followed by the addition of ODA (1.60 g) and ODE (5
mL). The mixture was again heated to 80 °C under vacuum for 20
min, placed under argon, and heated to a higher 270 °C. The
temperature was allowed to stabilize before the TOP-Se stock solution
(2 mL) was rapidly injected. The reaction was allowed to proceed at
250 °C for 2 min before passively cooling to room temperature. The
deep orange/red viscose mixture was dissolved in chloroform before
adding ethanol to precipitate the nanocrystals. The cloudy suspension
was centrifuged at 3700 rpm for 20 min (Heraeus Multifuge 3S), and
the supernatant decanted. The remaining QD pellet was washed with
ethanol before dissolving the QD product n-hexane.
CdS Shell Synthesis. Epitaxial shell growth was performed

according to successive ion layer adsorption reaction (SILAR)
methods described elsewhere in the literature.42 A two-neck RBF
(50 mL) was charged with CdO (93 mg), OA (2.3 mL), and ODE (7
mL). The system was equipped with a condenser, stir bar, rubber
septa, and thermocouple and filled with argon before heating to 250
°C under rapid stirring. After the solution turned clear and colorless, it
was allowed to cool to 100 °C and kept under argon until required. To
a single-neck RBF, sulfur (20 mg) and ODE (6 mL) were added, and
the mixture was placed under argon and heated to 165 °C with
continuous stirring until the solution went clear and colorless. The
flask was then cooled to room temperature and kept under argon until

required. Finally ODA (1.0 g), ODE (4 mL), and CdSe cores in n-
hexane (3 mL) were loaded into a three-neck RBF, and the flask
evacuated at room temperature to remove low boiling point solvents.
The temperature was gradually increased up to 100 °C and left under
vacuum for 30 min before an argon atmosphere was restored. The
temperature was increased to 235 °C for precurssor injection. Shell
growth was calculated according to the methodology of Li et al.42 The
initial CdSe concentration may be estimated from the Beer−Lambert
law and an empirical fitting function.39 Successive cadmium and sulfur
precursor injections were added at intervals of 20 min until the desired
shell thickness had been achieved. The mixture was cooled to room
temperature and dissolved in chloroform before adding ethanol to
precipitate the core−shell CdSe-CdS QDs. The suspension was
centrifuged at 3700 rpm for 20 min, the supernatant decanted, and the
recovered solid washed with ethanol before redispersing in n-hexane.

ZnS Shell Synthesis. ZnO (80 mg), OA (2.5 mL), and ODE (7.5
mL) were added to a two-neck RBF (50 mL), equipped with a
condenser, stir bar, rubber septa, and thermocouple. Under argon the
flask was heated to 300 °C with rapid stirring and kept at temperature
until a clear colorless solution was formed. The flask was then cooled
to 100 °C and kept under argon until required. The addition of ZnS
capping layers via injections of the zinc and sulfur precursors followed
the same procedure for the CdS capping described above.

Single Molecule Measurements. Fluorescence measurements
were carried out using a modified inverted microscope (Nikon, Eclipse
TE2000-U, Japan) operating in objective-type total internal reflection
(TIRF) mode. A 473 nm CW laser (Scitec Instruments, UK) was
coupled through the objective lens (Nikon, Plan Apo, 60X, NA 1.45,
Japan) to the sample via a dichroic beamsplitter (Semrock, FF509-
Di01, USA). The excitation beam was passed through a λ/4 Fresnel
rhomb and made to internally reflect at the sample using a 200 mm
plano-convex TIRF lens that focused the laser off-axis at the back focal
plane of the objective lens. For PL intermittency experiments, the
TIRF lens was adjusted to obtain an excitation footprint approximately
50 μm in diameter with an intensity of 100 Wcm2, accounting for near-
field enhancement. QD fluorescence collected by the objective was
passed through the dichroic filter and a second bandpass filter
(Semrock, Brightline 609/54, USA) before detection on a watercooled
ICCD camera (Princeton Instruments, PI-Max 512 GenIII). Image
stacks were recorded (μManager, USA) with 80 ms integration per
frame (12.5 fps) for up to 20−30 min providing typically 15,000−
22,500 frames per movie of QD blinking. Prior to QD deposition, the
QD concentrations were adjusted to achieve surface densities of
approximately 0.1 QD/μm2 to ensure good spatial separation of single
QDs. Coverslips (Menzel Glaser, 22 × 40, #1.5, EU) were ozonated
for 30 min (Novascan, PSD Series, USA) to remove residual
fluorescence prior to QD deposition. Samples were prepared by spin
coating the dilute solutions onto a coverslip at 3000 rpm. Focus drift
during acquisition was minimized using an active feedback loop.37 The
return TIR beam was projected onto a CMOS camera (Thorlabs,
DCC1645C, UK) and the xy-displacement of the beam image
correlated with the z-focus of the objective lens. Focus was maintained
using a motorized focus drive (Prior Scientific, PS3H122, UK) and an
automated macro (ImageJ, USA).

Image Processing and Analysis. Image stacks of QD movies
were processed (ImageJ, USA) to extract single-QD PL intensity
trajectories PL on- and off-time using standard procedures.37 A
threshold was set equal at 2σ above the dark-state mean, typically
corresponding to the minima in the intensity histogram of bright and
dark states. The on- and off-times were extracted for between 25 and
30 individual QDs for each shell thickness. The on- and off-time
probability density distribution (PDD) for each QD was calculated
according to P(ti) = 2Ni/[(ti+1 − ti) + (ti − ti−1)], where Ni is the
number of occurrences of a given on/off event of duration ti, while ti+1
and ti−1 are durations of the proceeding and preceding events,
respectively. Each recorded PL trace covered 20−30 min, providing
1000−3000 on/off switching events, although we note thick shells
typically showed numbers of blinking events at the low end. On- and
off-time PDDs for individual QDs were fitted with the truncated
power (TPL), P(t) = At−αe−t/τc, by varying parameters A, α, and τc
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using a Levenberg−Marquardt algorithm for nonlinear least-squares
minimization (Origin 8, OriginLab Corp., USA).
UV−vis Absorption, PL Emission. UV−vis data were collected

on a ThermoSpectronic UV−vis 300 at a scan speed of 240 nm/min.
PL information was obtained using a PerkinElmer LS 45 fluorescence
spectrometer at a scan speed of 500 nm/min exciting at 470 nm. The
photomultiplier tube was set to 650 V, and the excitation and emission
slits were set at 10.0 nm.
TEM, SAED, HRTEM, HAADF, and STEM-EDX. A solution of the

QDs for each core−shell composition studied was drop-cast onto a
carbon-coated copper TEM grids (Agar Scientific, Formvar/Carbon
on 400 Mesh Copper). Low-resolution size distribution TEM was
conducted using a Hitachi-7100 operating at an accelerating voltage of
100 kV using a LaB6 electron gun. The microscope was coupled to an
axially mounted Gatan Ultrascan 1000 CCD camera. SAED patterns
were captured using a JEOL JEM-1400Plus at 120 kV and collected on
a Gatan Orius SC1000 CCD camera. High-angle annular dark field
(HAADF)-STEM, high-resolution TEM (HRTEM), and EDX data
were acquired using a FEI Osiris TEM equipped with a Schottky X-
FEG gun and a Super-X EDX system. Spectrum images (SIs) were
acquired using a focused electron probe scanned across selected
regions of interest. SIs provided both structural information from
electron scatter on the HAADF detector and composition from X-rays
emitted in the local electron beam volume. The resulting EDX SI
comprised a three-dimensional data set, with xy locating the probe
position and z corresponding to the X-ray energy. SIs were acquired
with a probe current of 0.7 nA and acceleration voltage of 200 kV.
Spatial sampling was between 0.5 and 1 nm/pixel, with a dwell time of
200 ms/pixel. Data acquisition and elemental mapping were
performed using Tecnai imaging analysis (TIA) software.
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