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Abstract

Here we present direct investigation of the lasing behaviour by performing gain spec-

troscopy of solution-based CQDs enabled via in-situ tuning of the feedback wavelength

of an open-access hemispherical microcavity. The investigation is performed on two dif-

ferent types of CQDs, namely spherical CdSe/CdS core-shell CQDs and nanopletelets

(NPs). The lasing threshold and the differential gain/slope efficiency of the fundamental

cavity mode are measured as a function of their spectral position over a spectral range

of ∼ 32 nm and of ∼ 42 nm for the spherical CQDs and NPs, respectively. The results

of the gain spectroscopy are described using theoretical models, providing insights into

the mechanism governing the observed lasing behaviour. Furthermore, the open-access

cavity architecture provides a very convenient way of producing in-situ tunable lasing,

and single-mode lasing of the fundamental cavity mode over a spectral range of ∼ 25 nm

and ∼ 37 nm is demonstrated using spherical CQDs and NPs, respectively. In addition,

the stability of laser emission is investigated, with the lasing intensity of the fundamen-

tal cavity mode remaining constant over a time period of almost 6 mins. It is hoped

that the results will provide a detailed understanding of the lasing behaviour of CQDs.

This information can be fed back into the design of CQDs in which the lasing threshold

can be reduced to the point where useful devices can be constructed, and in the design

of resonant optical feedback structures for which the appropriate wavelength must be

carefully selected.
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3.5.1 Fabry-Pérot Cavity . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.5.2 Distributed Bragg Reflectors . . . . . . . . . . . . . . . . . . . . . 36

3.5.3 The Gaussian Beam . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.5.4 The Hermite-Gaussian Beam . . . . . . . . . . . . . . . . . . . . . 41

3.6 Cavity Quantum Electrodynamics . . . . . . . . . . . . . . . . . . . . . . 43

3.6.1 Optical Density of States and the Purcell Factor . . . . . . . . . . 43

3.6.2 Effective Purcell Factor . . . . . . . . . . . . . . . . . . . . . . . . 45

3.7 Rate Equation Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4 Experimental Methods 53

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.2 Materials characteriation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.2.1 Lifetime Measurements . . . . . . . . . . . . . . . . . . . . . . . . 53

4.2.2 Photoluminesence Spectroscopy and Absorbance Measurements . . 55

4.2.3 Pump-probe Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . 57

4.3 Sample Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.4 Experimental Set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.5 Cavity Alignment and Coupling . . . . . . . . . . . . . . . . . . . . . . . . 62

4.6 Measuring Spot Size and Concentration . . . . . . . . . . . . . . . . . . . 64

4.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5 Gain Spectroscopy of CdSe/CdS Nanocrystals 69

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.2 Nanocrystal Lasing Experiments . . . . . . . . . . . . . . . . . . . . . . . 70

5.2.1 Power Dependence Curve . . . . . . . . . . . . . . . . . . . . . . . 70

5.2.2 Gain Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5.2.3 Further Experiments to Improve Lasing Threshold . . . . . . . . . 76

5.2.4 Tunable Lasing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.3 Theoretical Analysis of the Gain Spectroscopy Results . . . . . . . . . . . 81

5.3.1 Rate Equation Model . . . . . . . . . . . . . . . . . . . . . . . . . 82

5.3.2 Analytical Approach . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

6 Gain Spectroscopy of CdSe/CdS Nanoplatelets 95

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

6.2 Nanoplatelet Lasing Experiments . . . . . . . . . . . . . . . . . . . . . . . 95

6.2.1 Power Dependence Measurements . . . . . . . . . . . . . . . . . . 96

6.2.2 Gain Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

6.2.3 Tunable Lasing and Laser Stability Measurements . . . . . . . . . 99

6.3 Rate Equation Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110



Contents vii

7 Conclusion and Future Work 111

7.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

7.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113





List of Figures

2.1 Relative band gap energies of bulk semiconductors and CQD classification 8

2.2 Spatial probability wavefunction distribution for various core-shell struc-
tures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3 Optical gain and ASE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.4 Distributed feed-back structure . . . . . . . . . . . . . . . . . . . . . . . . 19

2.5 Microresonator geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.1 Energy level structure of the bulk semiconductor and nanocrystals . . . . 26

3.2 Electronic energy level spectrum for CdSe nanocrystals . . . . . . . . . . . 27

3.3 CdSe fine structure and the dark-bright exciton model . . . . . . . . . . . 28

3.4 Band-edge emission and Absorbance . . . . . . . . . . . . . . . . . . . . . 28

3.5 Energy level structure of Nanoplatelets . . . . . . . . . . . . . . . . . . . . 29

3.6 Variation of emission intensity and gain below and above threshold . . . . 34

3.7 Fabry-Perot Cavity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.8 Typical reflectivity spectrum of a DBR . . . . . . . . . . . . . . . . . . . . 37

3.9 Schematic the Gaussian beam. . . . . . . . . . . . . . . . . . . . . . . . . 41

3.10 Schematic of the Hermite-Gaussian electric field distribution and mode
spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.11 Three level laser . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.12 Rate equation output . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.1 Schematic of the lifetime measurement apparatus . . . . . . . . . . . . . . 55

4.2 Schematic of the PL measurement apparatus and the spectrometer . . . . 56

4.3 Schematic of the Cary 5000 UV-Vis-NIR spectrometer . . . . . . . . . . . 57

4.4 The processes involves in pump-probe spectroscopy . . . . . . . . . . . . . 58

4.5 Schematic of the pump-probe spectroscopy set-up . . . . . . . . . . . . . . 59

4.6 The Experimental Set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.7 Mirror alignment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.8 Cavity modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.9 Measurement of the spot size . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.1 NC lasing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.2 NC Gain spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5.3 Measuring the quality factor . . . . . . . . . . . . . . . . . . . . . . . . . . 73

5.4 Calculating the average exciton number . . . . . . . . . . . . . . . . . . . 76

5.5 Differential gain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.6 Gain spectroscopy with lower lasing thresholds . . . . . . . . . . . . . . . 79

5.7 Reproducibility experiments . . . . . . . . . . . . . . . . . . . . . . . . . . 80

ix



List of Figures x

5.8 Tunable laser emission using the NCs . . . . . . . . . . . . . . . . . . . . . 81

5.9 NC transitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

5.10 Net stimulated emission cross-section . . . . . . . . . . . . . . . . . . . . . 88

5.11 NC radiative and Auger lifetimes . . . . . . . . . . . . . . . . . . . . . . . 91

5.12 Theoretical fits to experimental data for NCs . . . . . . . . . . . . . . . . 92

6.1 Schematic of the NPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

6.2 NP lasing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

6.3 NP gain spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

6.4 Tunable laser emission using the NPs . . . . . . . . . . . . . . . . . . . . . 100

6.5 Laser stability experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

6.6 Extracting the variables . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

6.7 NP radiaitve lifetime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

6.8 Theoretical fits to experimental data for NPs . . . . . . . . . . . . . . . . 109

7.1 ASE from NCs with different exciton-exciton interaction energies. . . . . . 114



List of Tables

3.1 Summary of an arbitrary set of parameters for the theoretical model. . . . 51

5.1 Summary of the parameters used in the NC rate equation model. . . . . . 91

6.1 Summary of the parameters used in the NP rate equation model. . . . . . 108

xi





Abbreviations

CQED Cavity Quantum Electrodynamics

CQD Colloidal Quantum Dot

CW Continuous Wave

DBR Distributed Bragg Reflector

DOS Density Of Sstates

FWHM Full Width Half Maximum

ML Monolayer Layer

NC NanoCrystal

NP NanoPlatelet

PL PhotoLuminescence

QY Quantum Yield

RoC Radius of Curvature

SPAD Single Photon Avalanche Detector

TEM Transverse Electric and Magnetic

xiii





Physical Constants

Speed of Light c = 2.997 924 58× 108 ms−1

Planck’s constant h = 6.626× 10−34 Js−1

Reduced Planck’s constant ~ = 1.054× 10−34 Js−1

Permittivity of free space ε0 = 8.85× 10−12 Fm−1

Boltzmann constant kB = 1.38× 10−23 JK−1

xv





Symbols

vg Group velocity ms−1

σstm Stimulated emission cross-section m2

σabs Absorption cross-section m2

τAug,bi Biexciton Auger lifetime ps

Γ Confinement factor

L Cavity length µm

V Mode volume m3

τrad Radiative lifetime ns

Fp Purcell factor

Rcav Emission rate Hz

Pth Lasing threshold pJ

Nconc Concentration m−3

η Differential gain

ς Quantum yield

g Optical gain m−1

L Total cavity losses m−1

κ Cavity decay rate Hz

q Mode number

F Finesse

τcav Cavity lifetime ps

n Refractive index

T Transmission

Q Quality factor

ρ Optical density of states

ω0 Mode waist µm

xvii



Symbols xviii

β Coupling factor

∆λ Free spectral range nm

zR Rayleigh range µm

E Electric field Vm−1

δλ Spectral linewidth nm

φ Photon number



Dedicated to my parents Kirit & Rekha...

xix





Chapter 1

Introduction

1.1 Project Motivation

Colloidal quantum dots (CQDs) are nanometer sized semiconductor crystals consisting

of roughly of 100-10000 atoms. These possess unique physical properties that arise from

individual CQDs to packed CQD films providing a platform for exploring a rich variety

of new physical phenomena as well as for the development of new class optoelectronic

devices such as solar cells[1], photodetectors[2] and various light-emitting devices such

as LEDs[3]. Their sub-10 nm size corresponds to the quantum confined regime, giving

rise to a narrow emission band that can be tuned spectrally by controlling the size[4]. In

addition, overcoating the CQDs with a shell of another inorganic semiconductor material

(so-called heterostructures or core-shell structures) can increase their thermal stability

as well as improve their quantum yield (QY), making them an attractive prospect for

use as optical gain media[5]. Furthermore, in such CQDs the spacing between the elec-

tronic energy levels can far exceed the thermal energy at room temperature preventing

depopulation of the lowest electronic states and providing temperature insensitive las-

ing thresholds. Organic passivating ligands that typically cover their surface also make

them solution processable, offering the prospect of inexpensive lasing devices that can

be made by printing CQDs onto large area or flexible substrates[6–8].

The optical gain lifetime in CQDs, however, is severely hindered due to strong com-

petition non-radiative Auger recombination[9], which results from their small size and

sharp confinement potentials. For this reason, high packing densities and high intensity

pulsed excitation are required to obtain lasing, obstacles that need to be overcome if

lasers utilizing CQDs as gain media are to be made commercially viable. The rapidly

developing field of inorganic particle synthesis has enabled precise control on the size[4],

shape[10–12] and composition[13] of CQDs, which can be used to curtail the effects

1



Chapter 1. Introduction 2

of Auger recombination by tailoring the interactions energies and spatial distribution

carriers within CQDs.

The major objective of this project is to provide a detailed insight into relationship

between the exciton and multiexciton binding energies, the Auger process as well as the

competition between stimulated emission and absorption and the lasing behaviour of

the CQDs. This will be done by performing gain spectroscopy enabled via in-situ tun-

ing of the cavity feedback wavelength of open-access microcavities developed within our

group. The cavities take the form of highly reflective Fabry-Pérot type mirrors with a

planar-hemispherical geometry. In addition, by using this type of cavity architecture it is

possible develop a platform for miniaturized and tunable, low threshold lasing devices,

for example, for on-chip integration. These experiments will be performed using two

different types of CQDs: spherical CdSe/CdS (Cadmium Selenide/Cadminum Sulfide)

CQDs (referred to from hereon as nanocrystals, NCs)[14] and colloidal quantum wells

(QWs) or nanoplatetes (NPs)[12, 15]. The latter have shown superior electronic and

optical properties compared to NCs, including suppressed non-radiative Auger recombi-

nation of carriers[16], giant oscillatory strengths[17], large exciton binding energies[18]

as well as higher absorption cross-sections[19]. Finally, it is hoped that the information

obtained by performing gain spectroscopy on these structures can then be fed back into

the fabrication of CQDs and films in which the lasing thresholds can be reduced to the

point where useful devices can be manufactured and also in the design of resonant optical

feedback structures for which the appropriate wavelength must be carefully selected.

1.2 Outline of Thesis

The chapters in this thesis will be organised in the following manner:

Chapter 2: Literature Review

This chapter will begin with the classification of CQDs in terms of their core and shell

structure, which determine their electronic and optical properties. CQDs are almost

always excited by photon energies well above their band gap, and ultrafast intraband

relaxation is usually required to populate the emitting (band-edge) states, which also

has important consequences for optical gain. The chapter will briefly mention how this

occurs in CQDs, focusing mainly on NCs and NPs. The various non-radiative carrier re-

laxation processes that compete directly with the stimulated emission at these emitting

states is then detailed. These processes including photocharging, photo-induced absorp-

tion and Auger recombination, and the various ways these processes can be overcome to

achieve stimulated emission will also be highlighted. Finally, the chapter will end with
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the discussion on the lasing achieved by incorporating CQDs into feedback structures of

different shapes and sizes.

Chapter 3: Theoretical Background

This chapter will initially introduce the concept of quantum confinement in nanocrystals,

which will lead to the discussion on their energy level structure, focusing specifically on

NCs and NPs. A theoretical description of the condition necessary to achieve optical gain

in CQDs will then be introduced, which will lead nicely to a theory of lasing using optical

cavities. The open-access hemispherical cavity will then be introduced, including the

concept of Hermite-Gaussian beam which fully describe the modes of the hemispherical

cavity. Moreover, a consideration of the basic of cavity quantum electrodynamics will

be needed to understand the interaction between the CQDs and optical modes of the

cavity, specifically in the weak-coupling regime. Lastly, a rate equation model will be

presented, which will be used in later chapters to describe the results of gain spectroscopy

experiments.

Chapter 4: Experimental Methods

This chapter will introduced the methods used to characterise the CQDs, including

photoluminescence, lifetime, absorption and pump-probe spectroscopy, that are crucial

to the interpretation of the experimental results later on. The sample preparation will

be mentioned, which is an important step in achieving low scattering rates and a high-

packing densities, both of which are required to achieve lasing. A detailed description of

the experimental set-up for the lasing experiments will then be given, along with cavity

alignment procedure, again an important step in order to produce stable modes inside

the cavity. The chapter will end with a short description on the methods to measure

the spot-size and the concentration, which will be useful in theoretical analysis of the

gain spectroscopy results.

Chapter 5: Gain Spectroscopy of CdSe/CdS Nanocrystals

The results of the gain spectroscopy of CdSe/CdS NCs are presented in this chapter.

More specifically, the variation of the lasing threshold as a function of the spectral

position is measured by tuning the length of the hemispherical cavity. Furthermore, the

capability of such cavity architecture to produce in-situ tunable, single mode lasing is also

demonstrated. The results are accurately described using an analytical theory, which

represents an approximation to a dynamic system. The latter will provide an insight into

the governing mechanism that determines the lasing behaviours of the CQDs, namely the

interplay between the stimulated emission and the self-absorption of the lasing photons.

Chapter 6: Gain Spectroscopy of CdSe/CdS Nanoplatelets
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This chapter will present the results of gain spectroscopy for the NPs. Like in the case of

NCs, the lasing threshold as function of the cavity length will be measured and in-situ,

single mode tunable lasing will be demonstrated. In addition, the stability of the laser

is investigated by monitoring the length of time the intensity of the fundamental cavity

mode is sustained, an important consideration for the practical realisation of the device.

Finally, the gain spectroscopy results will be described using a rate equation model,

giving an insight into the processes that govern the lasing behaviour.

Chapter 7: Conclusion and Future Work

In this chapter the results of the thesis will be summarised and some future work will

also be discussed.



Chapter 2

Literature Review

2.1 Introduction

This chapter begins with a brief discussion on the different core-shell CQDs structures,

which are the most commonly used types today. These can be classified in terms of their

relative core and shell electronic energy levels as this governs the distribution of the

electron and hole wavefunctions inside the CQDs, and these levels ultimately determine

their electronic and optical properties of the CQDs. The intraband relaxation of carriers

from the high energy states to the band-edge state is then discussed. This relaxation rate

plays a central role in the applications of these CQDs in optoelectronics. This is because

to achieve lasing CQDs are typically excited with high energy laser pulses at wavelength

well above the band-gap. Ultrafast relaxation of the carriers within the conduction

and valence bands is then required in order to efficiently populate the band-edge state

involved in lasing.

The chapter then highlights the major difficulties that were encountered in some of the

earlier efforts to achieve optical gain in core only CQDs. These were mainly attributed

to trapping of carriers at the surface which is a direct result of the large surface area-to-

volume ratio in strongly confined CQDs (with diameter less than 10 nm) and also the

multiexcitonic non-radiative Auger recombination. The two main consequences of carrier

trapping, namely photo-charging and photo-induced absorption and their implications

for optical gain performance will be discussed as well as the methods used to overcome

them. The condition to overcome Auger recombination in terms of the optical gain

cross-section and the packing density of the CQDs will be stated. This will then lead

to the discussion of the numerous others ways to overcome the Auger process through

physical and chemical modification of the CQDs. Finally, the chapter will end with the

5
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discussion of CQDs in resonators of various shapes and sizes to produce low threshold

tunable, single and multimode lasing.

2.2 Core-Shell System Classification

The most commonly used CQDs now have an inorganic passivating layer encapsulating

the core, known as the shell. The shell physically passivates the core by occupying trap

sites on the surface of the core which could otherwise act as non-radiative recombina-

tion centres for the electron and holes. The shell provides additional protection from the

environment such as preventing the effects of photo-oxidation. The shell is further termi-

nated with organic ligands, which as well as providing additional passivation, also allows

the CQDs to be dispersed in a wide variety of solvents and help prevent agglomeration.

The inorganic passivating shell consists of a semiconducting material different to that

of the core. These core-shell systems can be classified as binary (core-shell) or ternary

(core-shell-shell) architectures. The relative position of the electronic energy levels of the

core and the shell material together with their crystal structure and lattice parameters

govern their electronic and optical properties. Figure 2.1a compares the bulk conduction

band minima and the valence band maxima of some of the common type II-VI and III-

V semiconductor materials used to synthesize the binary and ternary architectures. It

should be noted that the list of materials shown in Figure 2.1a is by no mean exhaustive

and the reader is referred to other text for a more comprehensive list of materials used in

the synthesis of CQDs[20]. The most extensively used CQDs have a binary structure and

these can be classified as type I, reverse type-I and type II heterojunctions depending on

the relative band offsets between the core and the shell material, as shown in figure 2.1b.

A schematic of such a binary CQD is shown in figure 2.1c in the case of spherical CQDs

and in figure 2.1d in the case of NPs, both of which are the subject of investigation in this

thesis. Both are also shown to be encapsulated with organic ligands. The band offsets

are determined by the choice of the semiconductor material as well as the confinement

energy (i.e. the size of the core and shell), the effective mass of the carriers as well as

lattice strain determined by their lattice mismatch[21].

Of the binary structures the most extensively studied are the type-I heterojunctions

where the semiconductor core is surrounded by a shell of a higher band gap material[22–

30]. Deposition of a multilayer shell on top of the core redshifts the emission and the ab-

sorption peak wavelengths due to the partial extension of the excitonic wavefunction into

the shell which reduces the quantum confinement and lowers the effective bandgap[31].

Since the lowest energy configuration confines the electron and hole primarily to the

core it produces a significant overlap between their respective wavefunctions, as shown
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in figure 2.2a. The opposite is true for the reverse type I arrangement, where the shell

has a lower band gap than the core and therefore electron and the hole are localised

primarily within the shell[32–35], as shown in figure 2.2b.

Type II systems have staggered band alignment allowing one charge carrier to be lo-

calised primarily in the core and other in the shell [36, 37], as shown in figure 2.2c. The

growth of the outer shell causes a significant redshift of the emission wavelength due to

due smaller effective bandgap (smaller than each of the constituent core/shell materi-

als) produced as a result of the staggered band alignment. The effective band gap can

be controlled by changing the thickness of the core and the shell material through the

quantum confinement effect. This allows their emission to be easily tuned over a wide

wavelength range. For example, Kim et al [36] showed a emission tunable in the near

infra-red from 700 nm to over 1000 nm for CdTe core overcoated with CdSe shell by

changing the size of the core and the shell. Furthermore, in contrast to type I systems,

the photoluminescence (PL) decay times are strongly increased due to the reduced over-

lap between and electron and hole wavefunctions [21]. Moreover, the spatial separation

of charge carriers can create an internal electric field which can induce a Stark effect

leading to significant shifts in the energies of multiexcitons[38]. This effect can be uti-

lized to create ultralow threshold lasers operating in the single exciton regime, as will

be discussed later in this chapter.

Interestingly, several of the type-I systems can be tuned to type-II by changing their

shell thickness. For example, the core-shell system ZnSe/CdSe can behave as either

inverted type-I or type-II depending on the shell thickness[32, 39]. In this system the

bulk conduction band offset between ZnSe and CdSe is six times higher than the valence

band offset[32]. This means for a certain shell thickness range (∼ 1.1-1.6 nm) the energy

level of the shell can be tuned such as to localise the electron into the shell whereas

the hole can be delocalised across the entire CQD (core and the shell) allowing some

degree of spatial separation of the carriers. Strictly speaking this is called the quasi-

type-II regime due to delocalisation of the hole across the entire NC differentiating it

from proper type-II structures where the hole would be localised primarily to the core.

Similarly, another such structure is CdSe/CdS (which are used in this thesis). Here the

CdSe core is coated with a CdS shell which has a higher bulk band gap. However, with

increasing shell thickness the electron wave function becomes increasingly delocalised

across the entire CQD while the hole is primarily localised to the core due to the small

bulk conduction band offset[14], as shown in figure 2.2d.

One of the problems encountered when encapsulating the core with a shell of the another

material is the lattice mismatch between the two materials, which can induce strain

and introduce dislocations which are a source of non-radiative recombination and thus
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Figure 2.1: Relative band gap energies of bulk semiconductors and CQD classification.
a) The relative bulk ionisation energies, electron affinities and band gaps (light grey) for
the II-VI and III-V semiconductors (VB: valence band, CB: conduction band). b) The
energy alignment of binary core-shell systems. The height of the boxes represent the
band gaps and the lower and upper edges are the edges of the valance and conduction
bands, respectively. Reproduced from reference [40] with permission. c) Schematic of
a spherical core-shell CQD with encapsulating ligands. d) Schematic of a core-shell NP

with encapsulating ligands.

reducing the quantum yield (QY)[41]. Therefore, this puts a limitation on the thickness

of the shell which can be grown on top of the core. To address this issue a strain

mitigating layer can be grown between the core and the shell with a lattice parameter and

band gap in between that of the core and the shell material [42–44]. Thus, these ternary

systems have improved QY due to the reduction in the number of defects compared to

the core-shell structures and are more stable against the effects of photo-oxidation than

compared to binary systems.

2.3 Collodial Quantum Dot Synthesis and Shelling

The synthesis of the CQDs in organic solutions can be achieved by a variety of different

methods, the two most common being hot-injection[46] and heat-up techniques[47]. Both

of these techniques require three main ingredients: the precursors, which provide the

materials for the CQD synthesis, a coordinating organic solvent, and ligands, which

as well as providing passivation mediate the growth of the CQDs. The formation of

CQDs is described by the concept of “burst nucleation” which can be summarised by
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Figure 2.2: Spatial probability wavefunctions distribution of a) type-I b) reverse type-
I c) type-II and d) quasi type-II core-shell structure. Here Eeff is the effective bandgap.
The closed (open) circles represent electrons (holes). Modified from reference [45] with

permission.

a three stage process[48–50]. The initial stage involves the pyrolysis (breakdown) of

a precursors within an organic such that the ion (cation and anion derived from the

precursor) concentration increases with time to reach supersaturation. When the degree

of supersaturation is high enough, nucleation begins occur resulting in the formation

of stable nuclei (stage two), which in turn depletes the concentration of the ions in the

solution. Eventually, after ion concentration has dropped below a certain level, no new

nuclei are formed and instead the nuclei begin to grow in size as long as the solution

remains supersaturated (stage three).

Both the spherical CQDs and NPs used in this thesis were manufactured using the heat-

up technique. In this technique the precursors (e.g. Cadmium myristate and Selenium

for CdSe), ligands (e.g. oleic acid) and the solvents (trioctylamine in the case of spherical

CQDs and octadecane in the case of NPs) are initially mixed at a low temperature (i.e. ∼
30 min at 100 ◦C) and subsequently heated up to a higher temperature (210-260 ◦C for ∼
10-20 mins) to promote nucleation and the subsequent growth. The advantage of using

this technique is that it can be used to produce a large amount of highly monodisperse

CQDs. In the case of NPs, an acetate salt such as Cd-acetate (Cd(Ac)2.4H2O) is swiftly

added at an intermediate stage (after being heated to 210◦C and the nucleation of the

CdSe seed) and then re-heated again at 240 ◦C for ∼ 10 mins. The addition of an acetate

salt promotes the lateral extension of the CdSe to form the NPs.

The addition of a inorganic shell around the core can be done by either by dropwise

addition[45, 51] or by using the Successive Ion Layer Adsorption and Reaction (SILAR)

technique[52]. In the dropwise addition technique the a mixture of the anion and cation

precursors are slowly (i.e. ∼ 10-3 mol per hour) added to a heated solution of core-

only CQDs inside a flask to for the core-shell structures. However, due to the high
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temperature of the core-only solution of CQDs this method can lead to the nucleation

of the shell precursors as well as defects during the growth of the shell, leading to

drops in the QY. For this reason, the SILAR method was introduced whereby the shell

is allowed to grow one monolayer at a time by alternating the injection of the shell

precursors to a solution of core-only CQDs at high temperature. This technique was

used to manufacture both the spherical CQDs and NPs used in this thesis. Since the

precursors are not simultaneously present in the solution the probability of nucleation

of the shell precursors is very low. Since the size of the shell can be controlled precisely

this method be used to produce high quality “giant” CQDs with suppressed Auger

rates[53](see section 2.6). After allowing the reaction mixture to cool, the final product

is isolated from the reaction solvent (.e.g trioctylamine or octadecane) by the addition

of ethanol and then precipitation by centrifugation, and eventually re-dispersed in the

desired final solvent (e.g. hexane).

2.4 Intraband Relaxation In Colloidal Quantum Dots

As is often the case for semiconductor gain media, electrical and optical pumping cre-

ates electrons and holes which have energies well in excess of the band gap energy of

the material (higher energy continuum states). The excited carriers relax back down

to the band-edge state on an ultrafast (sub-ps) timescale. This intraband relaxation

process must happen faster than the carrier recombination due to radiative and non-

radiative processes in order to ensure an efficient build-up of the band-edge (or the

emitting state) population since it is the band-edge state that is responsible for produc-

ing PL, and ultimately, lasing. These relaxation processes are strongly dependent on

the dimensionality on the material. The intraband relaxation in the case of bulk II-IV

semiconductors occurs predominantly via Fröhlich interactions with longitudinal optical

(LO) phonons[54, 55].

However, whereas in the bulk semiconductor there is a continuum of energy states avail-

able which facilitates the intraband relaxation process the separation between the energy

levels is much larger in CQDs due to the quantum confinement experienced by the carri-

ers. When the energy level separation reaches even a small fraction of the typical phonon

energies, carrier relaxation via phonon interactions becomes increasingly prohibitive as a

result of restrictions imposed by energy and momentum conservation. This phenomena

is known as the “phonon bottleneck” and has been theoretically predicted to occur in

0-D systems [56–58]. For example, in the case of CdSe NCs, whereas the hole energies

in the valence band are closely spaced[59], the spacing between the low lying electron

energy levels in the conduction band is much greater due to the lower effective mass of
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the electron. This is especially true in strongly confined NCs (where size of the NCs

becomes comparable to or smaller than the exciton Bohr radius, which is the natural

length scale for the excitons in the system) where the electron energy level spacing can

exceed many times that of the typical LO phonon energies. Despite theoretical evidence,

however, ultrafast electron intraband relaxation from a higher lying energy state (1P) to

the band-edge state (1S) in CdSe NCs (see section 3.3.1 for more detailed information on

the electronic structure) has been experimentally observed[60–64], with lifetimes below

1 ps.

Several mechanisms have been proposed which can overcome the phonon bottleneck

to explain such ultrafast carrier relaxation in CQDs. For example, Efrosa et al [65]

suggested a process where the electron energy from the 1P electron state can be rapidly

transferred (∼ 2 ps) to the hole allowing the electron to relax to the lowest 1S state. Due

the smaller inter-level spacing of the hole states the excess hole energy is then rapidly

(sub-picosecond) dissipated via phonon interaction allowing the hole to relax back down

to the band-edge state. This Coulomb mediated process is often referred to as the

Auger process (as distinguished from the multiexciton Auger process discussed in section

2.5.3) and can remove the phonon bottleneck in strongly confined NCs. Guyot-Sionnest

et al [66] suggested two alternative mechanisms which can provide efficient intraband

relaxation pathways. One is a vibrational mechanism where energy is transferred to the

vibrational modes of the ligands used to passivate the NCs allowing the electron to relax

to the 1S state. Another is the electronic or “defect-assisted” mechanism, first proposed

in the context of epitaxial quantum dots[67], where the electron is able to relax to the 1S

state via an intermediate electronic defect state created by the covalent bond between

the Cd2+ ions on the surface of CdSe NCs and the ligands. By capping the NCs with the

appropriate ligand this defect state can be shifted above the 1P state, thus suppressing

the electron transfer from this state and extending the 1P-1S relaxation lifetime.

The nature of intraband relaxation, however, is very much dependent on the dimen-

sionality of the CQDs. For example, in extended quantum systems such as NPs and

quantum rods a transition from discrete to quasi-continuous density of states (DOS)

occurs. It has been observed experimentally that high energy carriers (both electron

and holes) in these systems will rapidly (∼ 300 fs) cool efficiently via phonon emission

[68, 69] just like in the case of bulk semiconductors.
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2.5 Competition Between Optical Gain and Non-radiative

Carrier Relaxation

As discussed in the previous section, efficient intraband relaxation within the conduction

and valance bands leads to the occupation of the lowest electron and hole energy levels

in CQDs. Depopulation of the these states occurs via both radiative and non-radiative

relaxation, the latter being highly detrimental to optical properties of CQDs. This

section will discuss the implications of the two primary non-radiative relaxation processes

that can occur in CQDs, namely trapping at surface states and the multiexcitonic non-

radiative Auger recombination, on the optical gain properties of CQDs.

2.5.1 Photocharging

Photocharging is a the direct result of two non-radiative processes that can depopulate

the charge carriers from their band-edge state: charge carrier trapping and Auger re-

combination. Charge trapping refers to the localisation of either the electron and or

hole at a trap site on the surface of the CQD inducing spatial separation between the

two carriers. In single CQDs this process is thought to be responsible for producing

pronounced fluctuations in the emission intensities over time under continuous illumi-

nation. This phenomenon is known as fluorescence intermittency or “blinking” and was

initially observed by the pioneering works of Nirmal et al [70].

Two distinct mechanisms have been proposed to explain CQD blinking, which can be

classified as A-type and B-type blinking[71]. In type-A the CQD core is left charged

resulting from an ejection of one of the carriers from the core due to the Auger process

(see section 2.5.3). Subsequent absorption of a photon results in the creation of a trion

(exciton with an excess charge). The trion can recombine non-radiatively by the Auger

process outcompeting the much slower radiative recombination. This is when the CQD

is in the “off” state as the emission intensity during this process is greatly reduced.

Alternatively, in poorly passivated CQDs a carrier residing in the band-edge state can

become trapped in a long-lived surface state leaving behind a charged core allowing

the formation of a trion, which then combines non-radiatively. This cycle repeats until

the CQD is neutralised with the injection of the carrier back into the core allowing

radiative recombination to occur again, returning the NC to the “on” state as radiative

recombination dominates again. Thus, the blinking refers to the periodic switching

between “on” and “off” states over time. In type-B blinking occurs when a “hot”

carrier, created by pump photon with energy well above the band gap, is occasionally

intercepted by a higher energy long-lived trap site before getting the chance to relax to
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the band-edge state. The trapped carrier can then recombine non-radiatively with the

carrier inside the core before the next excitation event leaving behind a neutral NC[72].

In an ensemble of CQDs, build of such charges over time can lead to reduced QYs[73] and

can ultimately degrade their lasing performance, however, its effects can be mitigated

by overcoating the cores with a passivating shell of adequate thickness[74].

2.5.2 Photo-induced Absorption

Another consequence of carrier trapping at surface states for CQDs dissolved in organic

solvents is the phenomena known as photo-induced absorption (PA). Solvent related PA

was mostly likely responsible for some of the previous unsuccessful attempts to achieve

optical gain in NCs dissolved in organic solvents[75, 76]. Malko et el [77] examined the

effect of PA on the optical gain properties of core-only CdSe NCs for radii ranging from

1.2 nm - 3.5 nm, using a technique known as pump-probe or transient absorption (TA)

spectroscopy (see section 4.2.3). The NCs were dissolved in various commonly used

solvents such as toluene, chloroform and heptamethylnonane. For small NCs (radius =

1.2 nm) no optical gain was detected for the entire spectral range under examination for

NCs immersed in any of these solvents, even for excitation as high as six electron and

hole pairs per NC on average.

However, optical gain was detected at the position of the emitting transition for NC

with a radius larger than 2.3 nm. In fact, the absence of optical gain for smaller NCs

was attributed to trapping of the carriers at the NC surface which subsequently leads

to induced absorption (PA) due to carriers excited into the unoccupied states in the

surrounding solvent. The probability of trapping can therefore be reduced by either

coating the NCs with a shell to provide passivation or by increasing the size of the NCs

to lower the surface area-to-volume ratio, reducing the number of trap sites. In this

case, Malko et el [77] showed that PA was almost completely eliminated in closed-packed

matrix free films of NCs formed by drop casting of hexane solution containing the NCs,

allowing optical gain to be observed even in the smallest of the NCs with radius 1.3 nm.

The above is consistent with other studies where almost complete suppression of PA and

optical gain is demonstrated for NCs incorporated in sol-gel titania matrix [78, 79] and

in matrix free closed-packed NC films [80–83].

2.5.3 Auger Recombination

The band-edge state in CdSe is two-fold degenerate due to the carrier spin and, thus,

population inversion and lasing requires the existence of a biexciton (see section 3.4.1).

A fundamental complication that arises in CQDs containing multiple excitons is the



Chapter 2. Literature Review 14

Coulomb mediated non-radiative Auger recombination [84]. This is when an electron

and a hole recombine by transferring their energy to a third carrier instead of emitting

a photon[84]. This process is relatively slow in bulk semiconductors due to the thermal

activation barrier which needs to be overcome in order to satisfy momentum conservation

[85]. However, the Auger process become more efficient in CQDs as a result of their

abrupt heterointerfaces (between semiconductor/solvent or semiconductor/ligands or the

core-shell), which relaxes the momentum conservation rule and thus removes the thermal

activation barrier[86, 87]. Consequently, the decay of multiexcitons is dominated not by

radiative emission (where lifetimes range in several tens of nanoseconds) but by the

ultrafast non-radiative Auger recombination[9, 88, 89]. This puts in intrinsic limitation

on the lifetime of optical gain in CQDs.

For this reason, the presence of optical gain does not guarantee the development of

stimulated emission and lasing. In order overcome Auger process the stimulated emission

build-up time must be faster than the Auger-dictated gain lifetime. In the case of NCs,

the stimulated emission build-up time, τ s, is governed by the following equation [82]:

τs =
4πR3nr
3ζσgc

(2.1)

where R is the NC radius, nr is the sample refractive index, ζ is the NC packing density

(volume fraction), σg is the NC gain cross-section and c is the speed of light.

In the case where the gain decay is governed by the biexciton lifetime (τ2) stimulated

emission can only occur of if τ s <τ2. Since τ2 ∼ βR3[9, 76], where β is a scaling factor

this gives a condition on the minimum packing density required to achieve stimulated

emission:

ζ >
4πnr
3σgβc

(2.2)

Taking the lower estimate of the gain cross section of σg ∼ 2 × 10-17 cm2[82] and a

upper estimate of the refractive index of n = 2 and β ∼ 5 ps nm-3 [82], equation 2.2

indicates that the critical packing density required to achieve stimulated emission is ζ

∼ 0.003 (0.3%). Volume fractions as high as 12% and 20% have been achieved in sol-gel

titania matrices containing NCs[78] and in closed-packed NC films[82], respectively. For

example, Mikhailovsky et al [83] demonstrated tunable amplified spontaneous emission

(ASE) with the wavelength ranging from 540-640 nm using CdSe NCs of radius R =

1.3 -2.5 nm from closed-packed films fabricated by drop casting solutions of CdSe NCs

onto glass slides. ASE is spontaneous emission that is amplified by stimulated emission
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producing a laser-like beam that can be intense and of relatively narrow divergence and

is seen as a the appearance of a spectrally narrow peak on top of the inhomogeneously

broadened PL spectrum, as shown in figure 2.3a (dashed line). Figure 2.3a also shows a

TA curve indicating the development of optical gain (α <0, where α is the excited state

absorbance) which spectrally coincides with the ASE peak (black solid line).

Figure 2.3: Optical gain and ASE. Stimulated emission (SE) spectrum of CdSe NCs is
seen as a spectrally narrow peak red-shifted with respect to the PL maximum. Optical
gain (α <0) is measured in TA at the same spectral position as ASE peak. The ground
state absorption (α0) is also shown for comparison. Reproduced from reference [83]

with permission.

It is important to note that for all of the above experiments optical gain has been

achieved using a pulsed excitation and not with continuous wave (CW) excitation. The

reason for this is as follows. The average exciton number per NC is given by 〈N〉 =

σabsJ [9], where σabs is the absorption cross-section at the excitation wavelength and J

is the fluence (number of photons per unit area per pulse). Assuming at threshold we

need 〈N〉 = 1 (see section 3.4.1) the threshold pump fluence (Jpul) is then given by:

Jpul =
1

σabs
(2.3)

The threshold pump intensity for CW excitation (JCW ) can then be estimated by the

ratio of Jpul and the biexciton Auger lifetime (τAug,bi)[83]:

JCW =
1

σabsτAug,bi
(2.4)

Since both the absorption cross-section (for energies well above the band gap) and the

biexciton Auger lifetime are proportional to R3[9, 76] (R is the NC radius) the threshold

fluence for CW is then proportional to R-6. On the other hand the threshold fluence

for pulsed excitation scales as R-3. Thus, pumping with CW becomes progressively less
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efficient with decreasing NC size indicating that the pulsed excitation is more efficient,

so long as the pulse duration is smaller than the biexciton Auger lifetime.

2.6 Methods of Auger Suppression to Improve Optical Gain

Performance

As mentioned in the previous section population inversion in CdSe NCs can only be

achieved in the multiexciton regime. This puts an upper limit in the optical gain lifetime

due to the intrinsic ultrafast non-radiative Auger process, which seriously diminishes

technological potential for their use as optical gain media. The following section will

discuss the several attempts people have made to reduce the Auger rate by physically

and chemically modifying the structure of the CQDs and their implications on optical

gain performance.

One these approaches is to use the so-called “giant” core-shell structures. Since the

Auger process is mediated by Coulomb interactions it has been shown that this rate can

be reduced by increasing the volume of the CQDs[9, 90]. Htoon et al [91] used CdSe

NCs coated with up to 16 ML CdS shell (“giant NCs) to demonstrate emission from

multiexcitons of order as high as six (six electron- hole pairs). Since the conduction band

offset is much lower in these core-shell structures adding a thick shell allows the electron

wavefunction to spread across the core and the shell increasing its occupation volume.

In addition such band alignment also induces spatial separation of the electron and hole

wavefunctions, which helps in lowering the Auger rate further. In fact, such electron

and hole separation can also create significant non-zero local charge density associated

with NCs containing single excitons, leading to strongly repulsive exciton-exciton inter-

actions and shifting the biexciton energy above twice the single exciton energy[92]. If

this interaction energy greatly exceeds the transition linewidth (inhomogeneous) the re-

absorption of the photon in a NC containing a single exciton is completely suppressed,

thus enabling stimulated emission to occur in the single exciton regime where the Auger

process is inactive. As such, Klimov et al[38] used type-II CdS/ZnSe core-shell NCs to

demonstrate ASE in the single exciton regime with gain lifetime as long as 1700 ps, fifty

times longer than for core-only CdSe NCs ( ∼ 30 ps) measured in the same study.

Another strategy involves the use of a smooth confining potential across the core-shell

heterointerface, which has been shown to markedly suppress blinking indicating a sig-

nificant reduction in the Auger rate[93]. Garcia-Santamaria et al [94] used this property

to demonstrated optical gain from CdSe/CdS NCs with a much broader gain bandwidth

(∼ 500 meV) than can be achieved from biexciton emission alone by using emission from
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higher order excitons. Here the long reaction times involved in the growth of the NCs

results in the inter-diffusion of Se and S atoms across core-shell interface producing a

smooth alloyed layer and a graded confinement potential. Furthermore, Guzelturk et

al [95] demonstrated ASE threshold of ∼ 30 µJ cm-2 from films of CdSe/CdS (120 fs

pump pulse width), one of the lowest reported thresholds for CQDs. The low threshold

was attributed to the smooth confinement barrier formed between the CdSe and CdS

materials resulting from the extremely high temperature (310 ◦C) and a very slow rate

of growth rate of the CdS shell.

Relatively recently, methods have been developed to synthesize a new class of flat semi-

conductor nanoparticles known as colloidal QWs or nanoplatelets (NPs)[12, 15]. In these

structures, carriers are confined only in one direction exhibiting an electronic structure

similar to epitaxially grown QWs. Quantization in only one direction in these structures

imposes stricter momentum conservation rules compared to the zero dimensional NCs,

strongly suppressing their Auger recombination rates. Such suppression of the Auger

rates has allowed the demonstration of ASE with thresholds[96] that are approximately

four times smaller than the best reported threshold values in literature in the case of

NCs[94]. In addition, Grim and co-workers[97] were able to demonstrate lasing from

biexcitons using CW excitation for the first time using CQDs in closed-packed films of

core-only CdSe NPs. However, although the strong Auger suppression plays a major

role in obtaining low stimulated emission thresholds for NPs, several other factors also

need to be considered. The large size of the NPs increase their absorption cross-section

at the excitation wavelength, thus lowering the ASE threshold further. The exciton

binding is also expected to increase with decreasing width of the NPs, as predicted the-

oretically for QWs structures [98] and further increase is expected resulting from the

lower dielectric environment of the NPs (e.g. of the ligands)[18]. Moreover, QWs exhibit

a phenomena known as giant oscillator strength transition (GOST) connected with the

in-plane extension of the exciton centre of mass motion[99] and which has been observed

experimentally in NPs[17]. The increase in the binding energy for NPs and the GOST

effect results in a high oscillator strength and thus high optical gain cross-sections for

the NPs, which helps to lower the gain threshold even further.

2.7 Colloidal Quantum Dot Lasing

True lasing action can be achieved by placing a high density gain medium inside an

optical cavity. The purpose of the cavity to provide efficient feedback allowing stimulated

emission to build by repeated reflections of the photons through the gain medium, as

well as provide a higher degree of monochromaticity, directionality and brightness. The
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need for a tunable, more compact and efficient sources of lasers has fuelled a large body

of research using microcavities of various shapes and sizes in the solid state. With

the conditions to achieve stimulated emission (ASE) in CQDs established the chemistry

needed to incorporate them into various feedback structures was subsequently developed.

This section will focus on the use of some (but by no means all) of these feedback

structures in the realisation of low threshold, tunable lasing utilizing CDQs as gain

media.

One such structure is the Distributed FeedBack (DFB) laser, consisting of a slab waveg-

uide which is patterned with a grating structure like the one shown in figure 2.4. Lasing

is achieved by photons traversing the grating which provides feedback through the pe-

riodic modulation of the local refractive index as result of the grating structure. The

advantage of such structures is that laser emission can be tuned by simply changing the

size of the NCs and the effective refractive index (determined by the loading fraction

of the NCs in the film) whilst keeping the grating periodicity constant. For example,

Guilhabert et al [100] showed DFB lasers that can be made to operate over a spectral

range of 11 nm (604-616 nm) using a CdSe/ZnS composite by fine-tuning the either

the gain material thickness or the grating periodicity. Furthermore, by optimising the

design of the DFB laser to ensure a good overlap between the lasing mode and the CQD

gain material, lasing was obtain using an excitation source with a pulse duration of 5 ns,

with a threshold of 0.5 mJ/cm2, the first ever demonstration of a DFB laser operating

in the nanosecond regime. This work was extended by McLellan et al [101] where lasing

threshold as low as 13.5 µJ/cm2 was reported from CdSe/ZnS CQDs, pumped with 5

ns pulses, as well as producing an output of 40 nJ at 600 nm emission wavelength. The

performance was made possible by using alloyed core-shell CdSe/ZnS to mitigate the

effects of multiexcitonic Auger recombination (see section 2.6) and also by integrating

a layer on top of the CQD film made from polyvinyl alcohol (PVA) for better mode

confinement. The realisation of lasing in the nanosecond regime using CQDs as gain

media makes them compatible to be used with compact solid-state pump lasers[102]

also operating in the nanosecond regime, making them a step closer to the practical

realisation of such CQD lasing devices.

Moreover, Eisler et al [103] was able to extend the tuning range to ∼ 56 nm (565-621

nm) by using CdSe/ZnS CQDs of different sizes, but using a grating with the same

periodicity. Finally, Foucher et al [104] demonstrated another method of tuning the

cavity wavelength by using a mechanically flexible thin glass substrate onto which sits

the polymer grating coated with a CdSe/ZnS CQD film. The advantage of such a system

is that the wavelength can be tuned in-situ by bending the glass substrate to produce

either a positive RoC (inducing a red-shit of the emission wavelength) or a negative RoC
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(inducing a blue-shift) of the structure. In this manner, Foucher et al [104] demonstrated

lasing over a spectral range of 18 nm (600-618 nm).

Figure 2.4: Distributed feed-back lasing. a) A scanning electron micrograph (SEM)
image of the distributed feed-back grating coated with a thin layer of CdSe NCs. Re-

produced from reference [105] with permission.

Another class of structures are microresonators that can support whispering gallery

modes (WGMs) by confining light by total internal reflection on their inner surface.

The strong photon confinement within the mode volume can result in quality factors

as high as 100 million[106, 107] helping to reduce the lasing thresholds. Snee et al[108]

developed a simple method to produce stable and reproducible lasing by incorporating

CdSe/CdZnS NCs onto the surface of dielectric microspheres (made from commercially

available silica or polystyrene templates), such as the one in figure 2.5a. Laser emission

in multimode regime (∼ 620-680 nm) can be observed from the many WGM supported

by the microspheres and in the single mode regime by changing the size of the micro-

spheres (such as to include only one mode within the stop-band) and tuning the NC

emission into resonance by changing their size. By changing the size of the microspheres

and using the appropriate NCs the laser emission can also be tuned, as demonstrated

by Chan et al [109] where laser emission in the blue region (central wavelength ∼ 480

nm) was produced using CdS/ZnS NCs. Min et al[110] demonstrated ultralow lasing

threshold (∼ 9.9 fJ per pulse with femosecond excitation at 388 nm) using toroidal mi-

crocavity by spin-coating CdSe/ZnS NCs on its surface, such as the one shown in figure

2.5d. Such low threshold lasing was possible due to the high Q-factors compared to

microsphere resonators of comparable diameter[107] due to their lower mode volumes,

but also due to the efficient evanescent coupling of the pump beam to the toroidal mi-

crocavity through a tapered-fibre geometry. Additionally, these structures can provide

another advantage over microspheres in that they can be manufactured lithographically

at predefined locations on a silicon chip. In-situ tuning of the laser emission can also be

made possible by electrically tuning the cavity resonances of such a cavity structures as

demonstrated in the work by Armani and co-workers[111].

Finally, another class of microcavity structures worth mentioning here are the vertical

cavity surface emitting lasers (VCSELs), formed by sandwiching an active gain medium



Chapter 2. Literature Review 20

in between two high reflectivity mirrors typically made from alternating layers of mate-

rials with different refractive indices (i.e. DBRs, see section 3.5.2)[112, 113]. Here, the

laser emission occurs perpendicular to the surface of the cavity, and due to the small

cavity length that can be attained (1-2 µm i.e. small gain medium length), they can be

made very compact and the scattering and absorption losses are minimised, enabling low

threshold laser operation. As such, Dang et al [113] demonstrated an optically pumped

VCSEL laser made from alloyed CdSe/ZnCdS CQD film integrated between two DBRs

made from alternating layers of SiO2/TiO2. Similarly, Menon et al [112] created a VC-

SEL laser using InGaP CQDs as gain material placed between alternating layers of

polyN(vinylcarbazole)(PVK), and cellulose acetate (CA), all of which was supported on

top of a glass substrate. At advantage of using materials to make the DBRs is that the

entire cavity structure can be subsequently peeled off from the glass substrate to create

a free standing mechanically flexible cavity which can confirm to any desired shape.

Figure 2.5: Microresonator geometry. a) A SEM image of a microsphere coated with
CdSe/CdZnS NCs. Reproduced from reference [114] with permission. b) Schematic
representation of a tapered-fibre coupled toroidal microcavity. Laser emission occurs
bi-directionally via the tapered fibre. Reproduced from reference [110] with permission.

2.8 Conclusion

In this chapter the classification of the CQDs in terms of their core-shell structure

was introduced. Efficient intraband relaxation of the carrier in the conduction and the

valence bands was found to exist in all CQDs (NCs, rods and NPs). For spherical CQDs

an Auger type process was shown to overcome the problem of the phonon-bottle neck

resulting from the well-spaced energy levels in the conduction band. It was highlighted

that intraband relaxation becomes more efficient in higher dimensional CQD s (rods and

NPs) where a transition to a quasi-continuous DOS occurs.

Then, some of the major challenges encountered in the early attempts to produce optical

gain were highlighted. These were mainly as a result of the carrier trapping at the

surface states and due to the multiexcitonic non-radiative Auger recombination. The

trapping can lead to charging of the CQDs and to a phenomena known as photo-induced
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absorption, both of which strongly compete with the optical gain. It was shown that the

effects of charging can be reduced by overcoating the CQD cores with a thick shell and

also by utilizing closed-packed films to eliminate the solvent responsible for producing

photo-induced absorption.

Furthermore, the use of closed-packed films with high CQD density was shown to over-

come Auger recombination to enable stimulated emission in spherical CQDs. Several

other methods of overcoming Auger recombination to improve the optical gain perfor-

mance were then highlighted, which involved the physical and chemical modification of

the CQDs. Furthermore, by tailoring the interactions energies (type-II CQDs) of the

excitons lasing the single exciton regime can be obtained, eliminating the problem of

Auger recombination completely.

Finally, lasing from CQDs produced by using feedback structure of various shapes and

sizes was demonstrated by using resonators of different sizes and the CQD to match

their emission to the resonator stop-band.

In-situ tunable cavities and laser emission have been demonstrated using various meth-

ods. For example, the shape of the cavity can be tuned by external heating achieved

through either modulating the pump power[115] or by directly heating the cavity using

an electrical heater[116]. Other methods have utilised strain[117], electric-field[111, 118],

or pressure[119]. However, these methods tend to either have too limited a tuning range

for useful spectroscopy, which is the primary purpose of using cavities in this project, or

involve changes to the CQD environment that may themselves modify the gain charac-

teristics. This makes the interpretation of the observed changes in lasing performance

difficult. By directly tuning the cavity length of a Fabry-Pérot style open resonator,

such cavities can achieve both a wide tuning range and fine control limited only by the

resolution of the actuator. The CQDs in solution within the cavity experience no change

in temperature or stress during tuning and so the changes in lasing performance can be

attributed unambiguously to the change in feedback wavelength.





Chapter 3

Theoretical Background

3.1 Introduction

In this chapter the concept of quantum confinement is introduced, which leads to signif-

icant modification of the electronic DOS in CQDs as a result of the quantisation of the

energy levels. This concept is extended to core-shell systems allowing the classification

of the CQDs in terms of their different localisation regimes. The energy level structure

of spherical CQDs and NPs is then introduced, which are the two systems used in this

thesis. The condition for optical gain in these structures is then detailed, including the

role played by the exciton-exciton interactions energies. This will lead to the basic the-

ory of lasing (gain vs loss), and where some of other important parameters that can be

quantified in lasing will be introduced, namely the slope efficiency (or differential gain)

and the linewidth.

The basic principles of the Fabry-Pérot cavity is then outlined and some key cavity pa-

rameters, namely the Q-factor and the finesse, are introduced. The purpose of using a

cavity is to provide efficient feedback allowing stimulated emission to build by repeated

reflections of the photons through the gain medium, but which also assists in producing

highly directional emission. Furthermore, due to interference effects the cavity selects

out certain frequencies of radiation with a linewidth much smaller than the sponta-

neous emission linewidth involved in the transition, thus providing a higher degree of

monochromaticity.

Moreover, the method of photon confinement for the cavities used in this experiment,

the distributed Bragg reflectors, is then highlighted. This then leads nicely into the de-

scription of the plano-concave or hemispherical cavities used in this project. Initially, the

concept of the Gaussian (and the Hermite-Gaussian) beams, which perfectly describes

23
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the optical modes of the hemispherical cavities used in this project will be introduced.

The quantum mechanical description of the coupling of CQDs to these cavities (cavity

quantum electrodynamics) is then outlined. It will be seen that the presence of the

cavity strongly modifies the optical DOS from the free-space which leads to the modifi-

cation of the emission characteristics of the CQDs, such as their emission lifetime, which

is known as the Purcell effect. A remark on the consequences of homogenous broadening

on the CQD-cavity coupling is made, which results from electron-phonon interactions in

CQDs at room temperature. The chapter ends with an introduction to a rate equation

model that describes the lasing behaviour. By using an arbitrary set of parameters the

rate equations are solved to produce a power dependence curve from which the lasing

threshold can be extracted.

3.2 Quantum Confinement in Colloidal Quantum Dots

Many of the absorption and emission features in CQDs can be understood in terms of

the quantum confinement. The CQD imposes a confining potential on the electron, hole

or the exciton in one, two or all three dimensions depending on the shape, and which

therefore strongly modify the electron and hole wavefunctions. Such spatial confinement

of carriers also strongly modifies the optical DOS of CQDs. For example, using such

approach Ivanov et al[45] theoretically calculated the distribution of electron and hole

wavefunctions for spherical CdS/ZnSe core-shell NCs for a range of different core and

shell thicknesses. The degree of electron and hole overlap can be evaluated using the

overlap integral[45]:

Θeh = |〈ψe|ψh〉|2 (3.1)

where ψe and ψh are the electron and the hole wavefunctions, respectively. Similarly,

the radiative decay rate τ rad is also proportional to the electron and hole wavefunction

overlap[120]:

1

τrad
∝ |〈ψe|V|ψh〉|2 (3.2)

where V = e.r is the dipole moment. However, the measured radiative lifetime (τ) is a

mixture of the radiative (τ rad) and the non-radiative (τnr) components[121]:

1

τ
=

1

τrad
+

1

τnr
(3.3)
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This then also helps to define the quantum yield (QY) as[121]:

QY =
τ

τrad
(3.4)

3.3 Energy Level Structure of Colloidal Quantum Dots

As mentioned in the previous section quantum confinement strongly modifies the energy

level structure in CQDs from the continuous energy bands of a bulk semiconductor. This

is further complicated by additional effects that need to be taken into account in order

to accurately describe the absorption and emission spectra of the CQDs. For example,

the absorption properties of the CQDs can only be explained by taking into account the

effects of the spin-orbit interaction and the confinement induced-mixing of the valence

bands. Furthermore, the presence of strong electron and hole exchange interactions,

shape asymmetry and the crystal field gives rise to band-edge exciton fine structure, the

description of which is needed to explain the emission properties of the CQDs.

3.3.1 Nanocrystals

A bulk semiconductor is characterised by a continuous conduction and valence band

structure with an energy gap Ebulk (figure 3.1a). In the case of NCs the spherical

confinement potential gives rise to an independent series of atomic-like states with an

energy gap ENC (figure 3.1b). These states can be classified by two quantum numbers.

The first one, L, denotes the angular momentum of the envelope wavefunction describing

the motion of the carriers in the confinement potential. The other is n, which denotes the

number of the energy level in the series of energy levels of a given angular momentum.

The conventional notation for labelling the quantum states of the NCs is the number n

followed by the L (S for L = 0, P for L = 1 , D for L = 2 etc..), as seen in figure 3.1b.

In CdSe NCs the conduction bands are formed from the Cd 5s atomic orbitals and the

valence bands from the Se 4p orbitals. For this reason the energy level structure of the

valence bands is modified by the spin-orbit interaction. This interaction splits each of

the individual hole states into three sub-bands, namely the heavy-hole (hh), light-hole

(lh) and the split-off (so) band, as shown in 3.1c. The hh and lh sub-bands have a

unit cell angular momentum (contribution from the carrier spin and the atomic orbital)

J = 3
2 and the split-off band has J = 1

2 . Away from k = 0, where k is the magnitude

of the wavevector, the hh and hl sub-bands are further split according the projection of

the unit cell angular momentum component onto the z-axis (i.e. Jz = ±3
2 for the hh and
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Figure 3.1: Energy level structure of the bulk semiconductor and nanocrystals. a) A
bulk semiconductor containing continuous conduction and valence band energy levels
with a bulk band-gap of Ebulk. b) The atomic-like energy level states of the NC with a
band-gap of ENC which is size-dependent. c) Spin-orbit interaction splits the valence
band into the heavy-hole (hh), light-hole (lh) and the split-off band (so). ∆cf is the

crystal field splitting which exists for a hexagonal lattice.

Jz = ±1
2 for the lh). For NCs with a hexagonal crystal structure crystal field further

splits the hh and hl sub-bands at k = 0 by amount ∆cf.

However, the valence band Hamiltonian contains contributions from both the crystal

lattice as well the confinement potential and so neither J or L quantum numbers are

conserved. Instead only the total angular momentum F = J + L and the parity are

conserved. The confinement potential further mixes with hole states with angular mo-

mentum L and L + 2 (known as S-D mixing) [122], but with the same F . The energy

states are then labelled as nLF . For example, for the lowest energy state in the valence

band, identified as 1S 3
2
, is a mixture of three hole components: (F = 3

2 , J = 3
2 , L = 0),

(F = 3
2 , J = 3

2 , L = 2), (F = 3
2 , J = 1

2 , L = 2). Finally to fully describe the valence

band spectrum the confinement induced mixing between the hh, lh and so sub-bands

also needs to be taken into account[123]. According to such treatment some of the low-

est excitonic transitions for CdSe are shown in figure 3.2a, and which is in excellent

agreement with the experimentally measured absorption spectrum in figure 3.2b.

Whereas as the confinement induced mixing can accurately describe the absorption

spectra of the NCs their emission properties can only be understood by considering fine

structure of the band-edge state, labelled as 1S(e)− 1S 3
2

figure 3.2a. As was mentioned

in chapter 2 the band-edge state is eight-fold degenerate, however, these degeneracies

will be lifted as a result of the crystal field splitting (hexagonal crystal structure)[125],

deviations from the perfect spherical shape of the NCs[126] as well as strong electron-hole

exchange interactions[127].
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Figure 3.2: Electronic energy level spectrum for CdSe nanocrystals. a) Electronic
energy levels in the conduction and the valence bands. Confinement induced mixing
between the valence band states leads to a complex valance band structure. b) The
ground-state absorption spectrum for CdSe with a radius of R = 4.1 nm showing the

four lowest transitions. Reproduced from reference [124] with permission.

The exchange interaction is directly proportional to the electron and the hole wavefunc-

tion overlap, and is thus greatly enhanced in NCs compared to the bulk material. In

this case, the band-edge electron (1S(e)) and the hole states (1S 3
2
) cannot be treated

independently but as a combined state with total angular momentum N = Fe + Fh,

where Fe = 1
2 and Fh = 3

2 are electron and the hole total angular momentum. Thus,

N can take the value of either 1 or 2. The exchange interaction lifts the degeneracy of

these states forming a higher energy bright state (N = 1) and a low energy dark state

(N = 2), as shown in figure 3.3a. These states are further split by into five sub-levels due

to the crystal field and the shape asymmetry, forming the upper states (U) and lower

(L) states. The labelling of these states is according to the magnitude of the projection

of the total angular momentum, |Nm|, along the unique crystal axis. The lowest energy

level (|Nm| = 2) remains optically dark and is separated by the next lower bright level,

|Nm| = 1L, by several meV (∆E), depending on the NC size. This forms the basis of

the dark-bright exciton model[128, 129], shown in figure 3.3b, and which used to explain

the decrease of the radiative lifetime from 1 µs at liquid He temperatures to several 10s

of ns at room temperature[130]. This can be explained as follows. At lower tempera-

ture the exciton recombination occurs via the optically forbidden low energy dark state

leading to long radiative lifetimes. At higher temperatures the thermal redistribution of

the exciton population mixes the dark state with the higher bright states with a higher

oscillator strength, leading to a shorter radiative lifetime.

The dark-bright splitting (∆E) in addition to the higher level states in the fine structure

(0U and 1U) contribute to the Stokes shift between the ensemble PL peak and the lowest

absorption maximum as seen in figure 3.4.
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Figure 3.3: CdSe fine structure and the dark-bright exciton model a) A schematic
of the ground states exciton fine structure resulting from the exchange interaction, the
NC shape asymmetry and the crystal field. b) The dark-bright exciton splitting. The
radiative rate from the dark and the bright state is γD and γB, respectively and ∆E is

the energy splitting.

Figure 3.4: Band-edge emission and Absorbance. PL emission (red dashed line) and
absorbance spectra (green solid line) for CdSe NCs with R = 1.2 nm. Reproduced from

reference [77] with permission.

3.3.2 Nanoplatelets

Whereas the carriers inside NCs experience a spherical confinement potential, carriers

in NPs experience confinement in only in one direction. The separation between the

k-states within each plane is given by ∆kx,y,z = π
Lx,y,z

, where Lx,y,z is the size of the

nanoplatelet in the x, y or the z-direction. If the confinement is assumed to be in the

z-direction energy levels then the separation between the energy states will be a lot

larger in the z-direction than in the other two and for this reason the energy levels can

be visualised in k-space as a series of planes, each associated with a quantum number

nz, as shown in figure 3.5a in the case of nz = 1. The dispersion relation then consists

of a series of bands each with a different nz and each accommodating many carriers at

energies very close to one another[16], as shown in figure 3.5b for the first two quantum

numbers. Like in the case of NCs the spin-orbit interaction splits each of the valence

bands into the hh, lh and so bands[131] and this is reflected in the measured absorption
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spectrum shown in figure 3.5c. A Stokes shift between the hh absorption maximum and

the ensemble PL peak is also shown in figure 3.5c and can be explained in terms of the

exciton fine structure in a similar manner to the NCs[132].

Figure 3.5: Energy level structure of Nanoplatelets. a) Representation of the energy
states in k-space for nz = 1. b) Dispersion relations for the nz = 1, 2 sub-bands with
the energy gap ENC . The splitting due to the spin-orbit interaction is not shown. c)
The absorption spectrum of CdSe NPs showing the hh, lh and the so bands overlaid on

top of the ensemble PL curve.

3.4 Optical Gain and Lasing in Colloidal Quantum Dots

3.4.1 Condition for Optical Gain in Colloidal Quantum Dots

In this section the condition for optical gain for type-I and type-II CQDs is derived

in terms of the average exciton number required at threshold. The model presented

here takes into account effects of exciton-exciton interactions as well as the degeneracies

associated with the band-edge state, and follows exactly the treatment detailed by Nanda

and co-workers[133].

Consider an ensemble of CQDs for which the fraction of the unexcited CQDs (those

that contain no excitons) is given by n0. Then the fraction that are excited is given,

nx = 1 − n0, and with the assumption that all these only contain a single exciton, we



Chapter 3. Theoretical Background 30

have nx = 〈N〉eh, where 〈N〉eh is the average exciton number per CQD. The absorption

cross-section of a single unexcited CQD, σ11
0(ω), at the photon energy ~ω is assumed

to have a Lorentzian profile:

σ11
0(ω) = A

γΓ11
2

(~ω − ~ω11)2 + Γ11
2

(3.5)

where A = 4πω〈|d11|2〉(ncΓ11)-1, in which 〈|d11|2〉 is the square of the transition dipole

matrix element averaged over all NC orientations, n is the refractive index, c is the speed

of light, ~ is the reduced Planck’s constant, γ is the degeneracy of the emitting state,

~ω11 and Γ11 are emission energy and the homogenous linewidth of the transition.

For a CQD containing a single exciton the absorption cross-section, σ11
X(ω), in the

presence of exciton-exciton interaction energy, ∆XX , is then given by:

σ11
X(ω) = A

(γ − 1)Γ11
2

(~ω − ~ω11 −∆XX)2 + Γ11
2

(3.6)

and the stimulated emission cross-section as:

σ11
SE(ω) = −A Γ11

2

(~ω − ~ω11)2 + Γ11
2

(3.7)

Note that the factor γ − 1 in equation 3.6 marks a reduction the in absorption cross-

section of the CQD due to state filling of the first excited state by a single exciton.

Using these quantities the absorption coefficient, α11(ω), at the transition energy of the

ensemble can be determined. However, in order to do so the CQD size poly-dispersity

(inhomogeneous broadening) needs to be taken into account. This takes the form of

a Gaussian function given by g(ω11) = (
√
πΓ)-1exp(−(~ω11−~ω0)2

Γ2 ). Here ω0 is central

transition frequency of the CQD ensemble and Γ is the inhomogeneous linewidth. Then

integrating over central frequency of each of the individual CQDs in the ensemble (ω11)

leads to the following expression for α11(ω):

α11((ω) = nCQD

∫ ∞
0

[(1− nx)σ11
0 + nx(σ11

X + σ11
SE)g(ω11) dω11 (3.8)

where nCQD is the concentration. Under the assumption that homogenous broadening is

much smaller than the inhomogeneous broadening equations 3.5-3.7 can be approximated

by a δ function: Γ11π
-1(x2 + Γ11

2)-1 ∼ δ(x). Using this assumption the expression for

the absorption coefficient becomes:
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α11(ω) =
nCQDA

√
πΓ11

Γ
exp

(
−∆2

Γ2

)
×
[
γ − (γ + 1)nx + (γ − 1)nxexp

(
−∆XX

2

Γ2

)
exp

(
2∆∆XX

Γ2

)] (3.9)

where ∆ = ~(ω − ω0). Optical gain occurs when α11(ω) <0 so the threshold at ω is

given by the condition α11(ω) = 0. By setting ω = ω0 i.e. ∆ = 0 in equation 3.9 yields

an equation for the gain threshold in terms of the average exciton number per CQD,

〈N〉th:

〈N〉th =
γ

γ + 1− (γ − 1)exp
(
−∆XX

2

Γ2

) (3.10)

It should be noted that in this model both the electron and hole band-edge states are

assumed to have the same degeneracy (γ). In this case of CdSe the degeneracy of

the band-edge state electron state is two, but is more than two for the hole state due

to the complex multi-subband structure of the valence band. However, for CdSe this

degeneracy is reduced to two in the presence of exchange interactions, shape asymmetry

and the crystal field. In the case of type-I CQDs, the exciton-exciton interaction energy

is very small in comparison to the inhomogeneous linewidth (∆XX � Γ) and in this

case the factor exp
(
−∆XX

2

Γ2

)
∼ 1 and equation 5.21 is reduced to 〈N〉th ∼ γ

2 . Since for

CdSe γ = 2, this gives 〈N〉th ∼ 1. Poisson averaging over the ensemble increases this

value to 〈N〉th ∼ 1.15[134]. In another words, optical gain requires at least one exciton

on average per CQD. Intuitively, this makes sense since if γ = 2, an incoming photon

has an equal probability of being absorbed or to stimulate emission of another photon

in a CQD containing a single exciton i.e. zero net gain. Thus to obtain non-zero optical

gain in type -I CQD requires the CQDs on average containing more than a single exciton

i.e. biexcitons.

For type-II CQDs the opposite limit is true where the exciton-exciton interaction energy

is much larger than the inhomogeneous linewidth (∆XX � Γ). In this case the factor

exp
(
−∆XX

2

Γ2

)
∼ 0 and equation 5.21 is reduced to 〈N〉th ∼ γ

γ+1 and for γ = 2 this

gives 〈N〉th ∼ 2
3 . In other words, if the interaction energy is large enough the absorption

of a second incoming photon at the emission energy is inhibited in a CQD containing

a single exciton and only stimulated emission can occur and, thus lasing in the single

exciton regime can be made possible. Giant exciton-exciton interactions energies can be

created by spatially separating the electron and hole wavefunctions to create an internal

electric field, which induces a Stark-effect[38]. This effect was used by Grivas et al[115]

to achieved lasing in the single exciton regime using CdSe/CdS core-shell dot-in-rod

structures
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Whilst the above argument for the number of excitons at threshold certainly hold for the

spherical CQDs the gain condition for NPs need to be considered a bit more carefully.

This is because many carriers of the same emission energy can occupy a single NP[69,

135] whereas at most only two can be accommodated in the band-edge state of NCs.

In this case the threshold condition defined above may not be applicable to NPs as

several carriers (i.e. more than two) per NP may be required to achieve population

inversion, like in the case of epitaxial quantum wells[136]. On the other hand, the works

of several authors have experimentally hinted at the biexcitonic nature of optical gain

in NPs[97, 137], consistent with what is found for NCs. However, to the best of my

knowledge, no thorough experimental or theoretical investigation has been found that

clearly demonstrate the condition for optical gain in NPs.

3.4.2 Condition for Lasing

As mentioned in section 3.4.1 optical gain requires population inversion. However, true

lasing action can only be achieved by using a laser oscillator, in which the gain medium

is enclosed by an optical cavity (see section 3.5 for more details). The purpose of an

optical cavity is to:

1. Allow the build up of light intensity by repeated reflections of the photons through

the medium, even if the gain is small.

2. Provide monochromaticity of the beam since laser oscillation is restricted to one

(or more) of the optical modes of the cavity. This is due to the fact that the

spectral width of the cavity mode can be a lot narrower than the linewidth of the

transition.

3. Provide highly directional emission since only the photons propagating orthogonal

to the mirrors are sustained and amplified inside the cavity.

At the lasing threshold of the increase the beam intensity is balanced exactly by the

losses due to the imperfect reflectivity of the mirrors, as well as diffraction losses and

other losses due to the active medium such as self-absorption and scattering. In this

case, on following the path of the beam through a round trip of the cavity the threshold

condition can be defined as [138]:

R1R2e
2(gth−L)L = 1 (3.11)
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where R1 and R2 are the mirror reflectivities and L is the cavity length, gth is the gain

(per unit length) at threshold, which is proportional to the population inversion and L
accounts for all other the losses (per unit length) mentioned previously. The factor of

two in the exponential is due to the fact that light passes the length of the cavity twice

per round trip.

In equation 3.11 we assume that the population inversion remains constant as the beam

of light propagates through the medium at or above threshold. However, this is never

strictly true since the laser beam derives its energy from the stimulated emission and this

will deplete the initial population inversion created just after the pumping process. The

reduction in the gain due to the stimulated emission process is known as gain saturation.

Thus, gth in equation 3.11 is the unsaturated gain coefficient and should be replaced by

the saturated gain at threshold (gsat). This process is shown in figure 3.6. In figure 3.6a

it can be seen that below threshold (Pth) the (unsaturated) gain is proportional to the

pumping power as the number of photons emitted by stimulated emission remain close

to zero (figure 3.6b) and no stimulated emission takes place. As the gain approaches

the total losses (L) in the system (satisfying equation 3.11), laser oscillation can take

place which results in a significant increase the number of lasing photons in the system,

depleting the population inversion and locking the gain to the saturated value of gsat.

When the pumping power is increased beyond the threshold value the output intensity

also increases (as this is proportional to the initial population inversion i.e. the unsat-

uration gain) but the gain will quickly reach the saturated threshold value of gsat due

to burning of the population inversion. Thus, the gain is clamped at this value for all

pumping powers at or above threshold allowing equation 3.11 to be always satisfied.

Moreover, the efficiency (η) of the lasing process may be quantified by taking the slope

(called the slope efficiency or the differential gain) of the graph in figure 3.6b:

η =
dI

dP
(3.12)

One of the defining characteristics of the laser is a decrease in the spectral linewidth (∆ω)

of the lasing mode with pumping power. This makes sense intuitively since, assuming

the line shape of the optical mode is Lorentzian (see section 3.5), the spectral intensities

of the frequencies close to the peak frequency will grow (via stimulated emission) faster

than those at the wings of the function. In fact, it can be shown that the linewidth

above threshold is inversely proportional to the average number of photons (φ) inside

the cavity[138]:

∆ω =
Rsp
2φ

(3.13)
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Figure 3.6: Variation of emission intensity and gain below and above threshold. a)
Idealised variation of gain as a function of pumping power. b) Idealised variation of the

output intensity as a function of pumping power.

where Rsp is the spontaneous emission rate of the emitter. Under steady-state condi-

tions (i.e. satisfying equation 3.11) the photons lost through the cavity mirrors and

other losses are replaced by both stimulated and spontaneous emission. Although the

photons arising from stimulated emission are perfectly coherent (with the same fre-

quency and phase) with those that initially stimulate emission, those that are emitted

by spontaneous emission will have a random phase, which will lead to the diffusion of

the overall phase of the oscillating mode (note that the amplitude of the mode is not sig-

nificantly affected as the number of spontaneously emitted photons is much lower than

those emitter by stimulated emission above threshold). Thus, for a particular pumping

power, the noise introduced by spontaneous emission places a fundamental lower limit

(so-called then Schawlow-Townes limit) to the linewidth of the lasing mode. In reality,

however, additional factors such as self-absorption, scattering of the laser photons etc.

will increase the linewidth above this limit.

3.5 Optical Microcavities

This section introduces the hemispherical cavities used to conduct the lasing experi-

ments in this thesis. The primary advantage of these cavities is that they offer in-situ

tunability providing a convenient method to perform gain spectroscopy experiments.

From a technological standpoint, tunable lasing can be achieved with these cavities and
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the hemispherical shape provides a low beam divergence, and due to their small size,

the possibility of on-chip integration.

3.5.1 Fabry-Pérot Cavity

The simplest case of a cavity is a planar (or a Fabry-Pérot) cavity with two opposing

mirrors with reflectivity R1 and R2 and optical cavity length, Lopt, as shown in figure

3.7a. The finesse (F ) is one of the key parameters that determine the properties of

cavities and can be intuitively thought of as the number of round trips a photon will

make before decaying out of the cavity[120]:

F =
π(R1R2)1/4

1−
√
R1R2

(3.14)

On resonance the cavity length Lopt is equal to an integer number of half wavelengths:

Lopt =
qλ

2
(3.15)

where q is equal to the number of antinodes between the two mirrors. Wavelengths

which satisfy the equation 3.15 produce peaks (optical modes) in the cavity transmission

spectrum at their respective spectral position as shown in figure 3.7b. Since in reality

the mirror reflectivities are less than unity (1 >R1, R2) the photons inside the cavity

will decay at an exponential rate, the Fourier transform of which produces modes in the

spectral domain with a Lorentzian line shape with a finite spectral linewidth, δv (in Hz).

The linewidth is related to the photon decay rate (κ) by, κ = 1/τcav = 2πδv, for which

τcav is the cavity decay time.

Moreover, the spectrum shown in figure 3.7b can be used to calculate the cavity length.

This is done by rearranging equation 3.15 and differentiating with respect to the wave-

length:

dq

dλ
= −2Lopt

λ2
(3.16)

Here dλ = ∆λ can be taken as the spectral difference between two adjacent modes (i.e.

∆q = 1), also known as the free spectral range (FSR). Then equation 3.16 yields cavity

length equal to:

Lopt =
λ2

2∆λ
(3.17)
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A general figure of merit that can be used to describe cavity of any geometry is the

Q-factor:

Q =
λ

δλ
(3.18)

where δλ is the cavity linewidth (refer to figure 3.7b). The Q-factor is proportional to

the amount of time a photon spends inside the cavity and can be intuitively thought

of as the number of oscillations a photon makes inside the cavity before decaying. It is

related to the finesse by the following:

Q = qF (3.19)

Figure 3.7: Fabry-Perot Cavity. a) A schematic of the Fabry-Perot cavity with length
L filled with an active medium of refractive index n. b) The optical modes (normalised

intensity) of the cavity with FWHM (δλ) and the FSR (∆λ).

3.5.2 Distributed Bragg Reflectors

In order to achieve high finesses it is necessary to confine the resonant photons inside

the cavity as efficiently as possible. One way of doing this is by using metallic mir-

rors to reflect light, however, the reflectivity for such mirrors generally cannot exceed

more than 95% because of the losses induced when the electric field interacts with the

electrons in the metal. Although evaporated silver mirrors have been shown to achieve

higher reflectivities[139] a higher degree of photon confinement can be achieved by using

dielectric mirrors, like the ones used in this thesis. These comprise of a stack of alter-

nating high and low index materials known as Distributed Bragg Reflector (DBR). The

thickness of the alternating layers are chosen to be equal to λ
4n , where λ is the desired

wavelength and n is the refractive index of the layer material. The layer thicknesses are
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such that the path length differences between all reflections from low-index layers (i.e

when light traveling through a high index material encounters an interface with a low

index material) are always integer multiples of wavelength. Reflections from high index

layers (i.e when light traveling through a low index material encounters an interface

with a high index material) have exactly half a wavelength path difference, but there is

a π-phase shift upon reflection meaning all of the reflected rays from the interfaces will

be in phase.

The reflection and the transmission amplitude coefficients of light at the boundary be-

tween two materials are described by the Fresnel equations[140]. However, modelling

multi-layered structures such as the DBR becomes increasingly complex as it needs to

take into account multiple reflections and interference effects within the layers. A con-

venient way to model such layers is the transfer matrix method and a full description of

this method can be found in Hecht[140]. In this method, the electric and the magnetic

fields either side of the dielectric layer can be related by a matrix. This matrix can then

be generalised to an arbitrary number of interfaces and, thus, can be used to calculate

the reflectivities of the DBRs.

Figure 3.8 shows the reflectivity spectrum calculated using the transfer matrix model

for a DBR consisting of 20 pairs on alternating dielectric layers with the low and high

refractive index of nL = 1.4 and nH = 2.1, respectively. It can be seen that the

reflectivity is almost unity for the wavelength range of ∼ 570-730 nm, which is known

as the stop-band.

Figure 3.8: Typical reflectivity spectrum of a DBR.
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A notable feature of the such mirrors is the penetration of the electric field into the

DBR stack, known as the penetration depth, LDBR. This depth depends on whether

the terminating layer on the air-mirror (the space in between the two DBR stacks) is of

low or high refractive index. For a high terminating layer this is given by[141]:

LDBR,H =
λn

4nav∆n
(3.20)

and a for low terminating layer

LDBR,L =
λnav
4n∆n

+
λ∆n

2π2nnav
(3.21)

where ∆n = nH − nL and n−1
av = 2(n−1

H + n−1
L ). Thus, the total penetration depth of

the cavity is LDBR = LDBR,1 + LDBR,2 where LDBR,1 and LDBR,2 are the penetration

depths of the two mirrors. In this case, the total physical cavity length (L) is the sum

of the physical separation between the mirrors (Lc) and the total penetration depth:

L = Lc + LDBR (3.22)

the optical cavity length is:

Lopt = nLc + navLDBR (3.23)

3.5.3 The Gaussian Beam

In this section the expression for the Gaussian beam will be derived which describe the

spatial distribution of the modes formed by the open access hemispherical cavities. Few

details about other higher order modes associated with the cavities, known as Hermite-

Gaussian modes, will also be detailed. A more complete derivation can be found in

references[142] and [143]. The description starts with the Helmholtz equation describing

the propagation of the spatial part of the electric field, E(r), in the absence of any

charges or currents:

(∇2 + k2)E(r) = 0 (3.24)

where k is the wavevector and ∇ = ∂2

∂x2
+ ∂2

∂y2
+ ∂2

∂z2
is the Laplacian operator. Equation

3.24 has a solution of the form:
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E(r) = U(r)e−ikz (3.25)

where U(r) is the complex amplitude. The Helmholtz equation can be simplified by

imposing the condition that the angle of divergence of the light (θ) from the direction

of propagation is small (the paraxial approximation), or in another words U(r) in equa-

tion 3.25 is a slowly varying function along the z-direction (i.e. ∂2U
∂z2
� k ∂U∂z � k2U).

With this assumption and by substituting equation 3.25 into 3.24 results in the paraxial

Helmholtz equation:

∇2
T − 2ik

∂U

∂z
= 0 (3.26)

where ∇2
T = ∂2

∂x2
+ ∂2

∂y2
is the transverse Laplacian operator. The solution to equation

3.26 describes the Gaussian beam shape and has the following form:

E(r) = U0
ω0

ω(z)
e
− r2

ω(z)2 e−ikze
−ik r2

2β(z) eiζ(z) (3.27)

where r =
√
x2 + y2, ω(z) is identified as the 1/e radius of the beam at z, which is

the propagation direction, as shown in figure 3.9. ω0 and U0 are the radius of the

beam and the amplitude at z = 0, i.e. located at surface of the planar mirror (M1 in

figure 3.9). β(z) and ζ(z) are the RoC of the phase profile and the Gouy phase shift,

respectively. Hence, the first exponential term in equation 3.27 gives the Gaussian mode

profile, the radial extent of which is determined by ω(z). The second term makes the

wave propagate in the positive z-direction (provided k is positive). The third term gives

information about the RoC of the wavefronts along the z-direction. Finally, the fourth

exponential term contains the Gouy phase factor and plays a major role in determining

the resonant frequencies of the cavities.

Moreover, the beam waist, RoC and the Gouy phase shift can be conveniently expressed

in terms of the Rayleigh range, zR, which is the distance along the z-axis at which the

beam radius is equal to
√

2ω0 (refer to figure 3.9):

zR =
πw2

0

λ
(3.28)

ω(z) = ω0

(
1 +

(
z

zR

)2
)1/2

(3.29)
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β(z) = z +
z2
R

z
(3.30)

ζ(z) = tan−1

(
z

zR

)
(3.31)

For a more general case were both mirrors have a finite RoC the minimum mode waist

(ω0) at each of the mirrors (ω1, ω2) can be defined using the parameter gi:

gi = 1− Lgeo/Ri (3.32)

where Lgeo = nLc is defined as the geometrical cavity length for which n is the refractive

index of the medium and Ri is the RoC of each mirror (i.e. i = 1, 2). Using this the

beam the radius of the beam can be defined by the following set of equations:

ω0 =

(
λLopt
π

)1/2( g1g2(1− g1g2)

(g1 + g2 − 2g1g2)2

)1/4

(3.33)

ω1 =

(
λLopt
π

)1/2( g2

g1(1− g1g2)

)1/4

(3.34)

ω2 =

(
λLopt
π

)1/2( g1

g2(1− g1g2)

)1/4

(3.35)

Since the RoC of mirror one used in this thesis is infinite then g1 = 1 and it can be seen

from equation 3.33 and 3.34 that ω1 = ω0. It can also be seen from equation 3.33 that

in order to produce a positive value for ω0 the numerator needs to satisfy the following

condition:

0 ≤ g1g2 ≤ 1 (3.36)

which is the criterion for resonator stability. In other words, in order to effectively

confine the modes inside the open cavity the cavity length needs to be smaller than the

RoC of the hemispherical mirror (i.e Lgeo ≤ R2). Furthermore, in order avoid diffraction

losses it is also necessary for the diameter of the hemispherical mirror to be substantially

larger than the beam waist that appears at its surface[144].
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Figure 3.9: Schematic the Gaussian beam in a cavity of optical length Lopt. ω0 is
the mode waist located at the planar mirror and zR is the Rayleigh range. The angle
of divergence of the beam is θ. The two mirrors, M1 and M2, have RoC R1 and R2,

respectively.

3.5.4 The Hermite-Gaussian Beam

Equation 3.27 in section 3.5.3 describes only the lowest-order Gaussian beam that can

be produced by a cavity such as the one shown in figure 3.9. In other words, there exists

other, higher-order modes which are also solutions to the paraxial Helmholtz equation,

namely the Hermite-Gaussian beam, which has the following general form:

El,m(r) = U0
ω0

ω(z)
Hl

[√
2
x

ω(z)

]
Hm

[√
2

y

ω(z)

]
e
− r2

ω(z)2 e−ikze
−ik r2

2β(z) ei(l+m+1)ζ(z) (3.37)

It can be seen that this more general solution contains the lowest-order solution as well

two additional factors, Hl

[√
2 x
ω(z)

]
and Hm

[√
2 y
ω(z)

]
, which are the Hermite polynomi-

als and where the integers l and m denote their order. Thus, the modes of the cavity have

an additional transverse mode structure in addition to the Gaussian shape discussed in

the section3.5.3 and also acquire and additional phase shift of ei(l+m)ζ(z). Each of the

modes in equation 3.37 is referred to as TEMlm, which stands for “transverse electric

and magnetic field.”

The electric field intensity distribution located on the planar mirror on an area of 6 × 6

µm is shown in figure 3.10a as well as the corresponding spectrum in figure 3.10b for the

first four Hermite-Gauss modes. The lowest-order mode (TEM00), also known as the

fundamental mode, is non-degenerate. Higher-order modes, while having different spatial

profiles are energetically degenerate for a perfectly symmetrical cavity. It is important

to note that compared to the Fabry-Pérot cavity in section 3.5.1 the distribution of the
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Figure 3.10: Schematic of the Hermite-Gaussian electric field distribution and mode
spectra. a) The electric field distribution of the first four modes (i.e up to TEMl+m=3)
of the hemispherical cavities located on the surface of the planar mirror. Higher order
modes with the same l +m are energetically degenerate but spatially distinct. b) The
mode spectrum showing two TEMl+m=0 modes and the first four transverse modes
associated with this mode. All the simulations were done using MATLAB. Images

Courtesy of Sam Johnson.

mode frequency is modified by the hemispherical mirror. This means that the simple

formula used to calculate the mode frequency using equation 3.15 can be used only as

an approximate. Instead the formula used to calculate the mode frequencies, vqlm, is

now given by the following equation:

vqlm =
c

2Lopt

(
q +

1

π
(l +m+ 1)cos−1√g1g2

)
(3.38)

where q is the order of the TEM00 mode.

Finally, by integrating the electric field given in equation 3.37 an expression for the

optical cavity mode volume, Vopt, can be obtained[145]:

Vopt =
πω2

0Lopt
4

(3.39)
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3.6 Cavity Quantum Electrodynamics

The open access cavity described forms an essential component for producing lasing from

CQDs. Cavity quantum electrodynamics (CQED) provides the theoretical basis for the

interaction between the CQDs and the cavity. A non-zero vacuum electric field arises

from the quantum treatment of the electromagnetic field and permeates all space and

can be modified quite significantly in the presence of the cavity. If the coupling between

the cavity and the emitter inside the cavity is stronger than the cavity photon decay

rate and the total emitter decay rate, then system is said to enter the strong coupling

regime. However, lasing occurs in the weak coupling regime, where the cavity or the

emitter decay rates exceeds the coupling rate. Since in this regime the effect of the cavity

is small, perturbation theory can be used describe the emitter-cavity interaction. The

effect of the cavity in this regime then is to modify the emitter emission rate compared to

free space. The transition rate, R, for spontaneous emission is given by the well-known

Fermi’s golden rule[120]:

R =
2π

~2
|M12|2g(ω) (3.40)

where g(ω) is the optical DOS. M12 is the transition matrix element and is given by:

|M12|2 =
1

3
µ12

2Evac2 =
µ12

2~ω
6ε0V

(3.41)

where µ12 = −e〈1|r|2〉 is the electric dipole matrix element for the initial (1) and the

final (2) states and for which p = −er is the electric dipole, V is the modal volume and

ε0 is the vacuum permittivity. The factor 1
3 comes from the averaging over all possible

dipole orientations with respect to the vacuum electric field. As can be seen from

equation 3.40 calculation of the transition rate requires the optical DOS. An optical

cavity significantly modifies the DOS compared to free space and therefore also the

emission rate of the emitter into the cavity. The ratio of the emission into the cavity

to that of free space is known as the Purcell factor and the expression for this, which

requires the optical DOS, is the subject of section 3.6.1.

3.6.1 Optical Density of States and the Purcell Factor

As can be seen from equation 3.40 the calculation of the emission rate, R, requires the

derivation of the optical DOS in 3-D (i.e. in free space or in a cavity). In this section

the optical DOS of the free space are compared to those inside the cavity, which will
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eventually yield an expression for the Purcell factor. Full details of the derivation of

these expressions are found in the book by Mark Fox[120]. The DOS in free space per

unit volume is quadratic with respect to the angular frequency, ω:

g3D(ω) =
ω2

π2c3
(3.42)

The DOS in a cavity, g(ω)cav, of mode volume V is assumed to be a normalised

Lorentzian with a central frequency, ωc:

g(ω)cav =
2

π∆ωc

∆ωc
2

4(ω0 − ωc)2 + ∆ωc
2

(3.43)

where equation 3.43 is evaluated at the transition frequency of the emitter (ω0) and ∆ωc

is the FWHM, which is also equivalent to the cavity decay rate, κ. The emission rate

into the cavity, Rcav, is then given by substituting equation 3.43 into equation 3.40 to

obtain:

Rcav =
2Qµ12

2

~ε0V
ζ2 ∆ωc

2

4(ω0 − ωc)2 + ∆ωc
2

(3.44)

where the normalised dipole orientation factor is reintroduced (recall that this factor

equal to 1/3 when averaged over all dipole orientations). In order to compare this

emission rate into the cavity to free space, we first need to multiply equation 3.42 (DOS

per unit volume) by the cavity mode volume V and substitute it into equation 3.40 to

obtain the emission rate into free space:

Rfree =
µ12

2ω3

3πε0~c3
(3.45)

By taking the ratio of the emission rate into the cavity to the free space emission the

Purcell factor, Fp, is obtained:

Fp =
Rcav
Rfree

=
3Q(λ/n)3

4π2V
ζ2 ∆ωc

2

4(ω0 − ωc)2 + ∆ωc
2

(3.46)

where c/ω has been replaced (λ/n)/2π for which n is the refractive index of the medium

inside the cavity. In an ideal cavity all of the photons emitted by the emitter would enter

the cavity mode. In reality, since the direction of spontaneous emission is random only

a fraction of the photons will enter the cavity mode and the rest will be lost to other

non-resonant (free space) modes. This fraction is known as the beta factor (β-factor):
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β =
Rcav

Rcav +Rfree
=

Fp
Fp + 1

(3.47)

The lasing experiments described in this thesis require the use of an ensemble of CQDs,

the dipoles of which are randomly orientated with respect to the electric field. In this

case the factor ζ2 = 1/3 as before. Furthermore, if an ideal case is assumed were the

emitters are located at exact resonance with the cavity mode the expression for the

Purcell factor becomes:

Fp
max =

3Q(λ/n)3

4π2V

1

3
(3.48)

3.6.2 Effective Purcell Factor

The derivation in section 3.6.1 of the Purcell factor assumes that the linewidth (or

FWHM) of the emitter is much smaller than that of the cavity mode (i.e. a transform

limited emitter) such that only the DOS of the cavity mode feature in equation 3.40.

This is known as the good-emitter regime and here the Q-factor is dominated by that of

the cavity. However, in solid-state systems such as the CQDs used in the experiments

at hand electron-phonon interactions can broaden the emitter linewidth (homogenous

broadening) rendering it much larger than the intrinsic cavity linewidth. This is known

as the bad-emitter regime and is especially true for experiments described in this thesis

where high-finesse cavities are coupled to CQDs at room temperature. For example,

whereas the typical homogenous linewidths for CQDs is around 14 nm, for that of the

cavity used in these experiments is typically around 0.1 nm[146]. In this case, one must

use the expression for the effective Q-factor, Qeff [146]:

1

Qeff
=
δλemit
λemit

+
δλcav
λcav

=
1

Qemit
+

1

Qcav
(3.49)

where δλemit and δλcav are the linewidths of the emitter and the cavity and λemit and

λcav are the emitter and cavity central wavelengths, respectively. Similarly, Qemit and

Qcav are the emitter and the cavity Q-factors, respectively. It can be seen from equation

3.49 that if the linewidth of the emitter is much larger than that of the cavity then

Q-factor is dominated by that of the emitter. In this case, substituting the effective

Q-factor into equation 3.48 gives the effective Purcell factor, Fpη
eff [147]:

Fpη
eff =

3Qemit(λ/n)3

4π2V
η(λ)

1

3
= Fp

effη(λ) (3.50)
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where η(λ) = g(λ)/gmax for which g(λ) is the homogenously broadened spectral distri-

bution of the emitter and gmax is its maximum value. This additional factor takes into

account the detuning of the cavity mode from the maximum of the emitter spectrum.

3.7 Rate Equation Modelling

In this section a general form of the semi-classical coupled differential rate equation

model, based on the Einstein model for interaction of matter and radiation is presented,

to stimulate lasing behaviour of CQDs. Although the rate equations presented here are

rather simple, it will be seen later that they will accurately reproduce the results of

gain spectroscopy presented in this thesis. As an example system, we will consider a

rate equation model for a three-level system as shown in figure 3.11. The total number

of emitters contained in the physical cavity mode volume Vc with energy levels S1, S2

and S3 is given by N1, N2 and N3, respectively. Similarly, Nnr is the total number of

emitters in the non-radiative state Snr arriving from level S2, which we assume decays

very rapidly to level S1. Furthermore, φ represents the total number of photons within

the physical mode volume. An excitation by a pump to level S3 decays very rapidly

to level S2, such that population inversion can be established between this level and

S1. The total number of emitters within the physical cavity mode will then be given by

Ntot = Nconc × Vc = N1 +N2, where Nconc is the concentration.

Figure 3.11: Three level laser scheme.

The rate equations governing these populations interacting with a narrowband radia-

tion (such as a laser) centred at frequency ω are then given by the following set of

equations[138]:
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dN1

dt
= − P (t)︸︷︷︸

pumping rate

−
re-absorption rate of laser photons from S1 to S2︷ ︸︸ ︷

N1ΓB12ρ(ω) +

N2ΓB21ρ(ω)︸ ︷︷ ︸
stimulated emission rate from S2 to S1

+

spontaneous emission rate from S2︷ ︸︸ ︷
N2ΓA21 +

N2

τnr︸︷︷︸
non-radiative rate from S2

(3.51)

dN2

dt
= P (t)︸︷︷︸

pumping rate

+

re-absorption rate of laser photons from S1 to S2︷ ︸︸ ︷
N1ΓB12ρ(ω)

− N2ΓB21ρ(ω)︸ ︷︷ ︸
stimulated emission rate from S2 to S1

−
spontaneous emission rate from S2︷ ︸︸ ︷

N2ΓA21

− N2

τnr︸︷︷︸
non-radiative rate from S2

(3.52)

dφ

dt
= −

re-absorption rate of laser photons from S1 to S2︷ ︸︸ ︷
N1ΓB12ρ(ω) + N2ΓB21ρ(ω)︸ ︷︷ ︸

stimulated emission rate from S2 to S1

+

N2ΓA21︸ ︷︷ ︸
spontaneous emission rate from S2

−

cavity decay rate︷︸︸︷
φ

τcav
(3.53)

where B12/21 are the Einstein B coefficients, ρ(ω) is the total energy density, A21 is the

Einstein A coefficient and Γ is the confinement factor, which determines the fractional

energy contained in the active gain medium. The Einstein B coefficients can be related

to the absorption/emission cross-sections as σ12/21 = ~ω
vg
B12/21, where vg = c/n is the

group velocity and n is the material refractive index. The Einstein A coefficient can

be related to the radiative lifetime as 1
τrad

= A21. Furthermore, the energy density can

be related to the number of photons inside the cavity with the active mode volume Vc

using the relation ρ(ω) = ~ωφ
Vc

. Moreover, it can be shown that the stimulated emission

cross-section can be related to the radiative lifetime as
vgσ21
Vc

= β
τrad

[148], where β is the

beta factor defined in equation 3.47.

It was shown in section 3.6 that the presence of the cavity strongly modifies the optical

DOS and, thus, will modify the spontaneous as well as stimulated emission rates. This
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can be taken into account by simply replacing τrad with the cavity enhanced emission

rate (Fp + 1)/τrad, where Fp is the Purcell factor given by equation 3.48 (or equation

3.50 for homogenously broadened systems).

In the lasing experiments presented in this thesis pumping is achieved using a pulsed

excitation source. In order to explicitly take into account the time dependence the

temporal profile of the pumping term it is described using a Gaussian function of the

form:

G(t) =
Pnum

σt
√

2π
e
−

(t−toff )
2

2σt
2 (3.54)

such that

∫ ∞
0
G(t) dt = Pnum (3.55)

where Pnum is the total number of photons per pulse, σt = Lt
2
√

2ln2
is the standard

deviation for which Lt is the temporal FWHM of the excitation laser and toff is its

time-offset. The fraction of the photons that enter the cavity mode, spat(ω0), is given

by:

∫ 2π

0

∫ ω0

0
spat(r)r drdθ = spat(ω0) (3.56)

where

spat(r) =
1

2πσspt
2 e
− r2

2σspt
2

(3.57)

is the normalised 2-D Gaussian function which describes the spatial intensity distribution

of the laser spot into the cavity and ω0 is the mode waist. Here σspt =
Lspa

2
√

2ln2
is the

standard deviation for which Lspa is the FWHM of the laser spot. The limit of the

integration in equation 3.56 to only the mode waist of the cavity is the result of mode-

matching i.e. where only a fraction of the photons from the pump pulse enter the cavity

mode (the mode waist is in these experiments is typically a lot smaller than the pump

spot size). The number photons that go on to excite the CQDs per unit time is then

given by:

P (t) = ςTG(t)spat(ω0)
(

1− e−
σabsNconcLc

T

)
(3.58)



Chapter 3. Theoretical Background 49

where ς is the QY, T is the cavity transmission aat the pump wavelength, σabs is the

absorption cross-section at the excitation wavelength. The QY is here takes into account

the fraction of the carrier generated by the pump photons that are then trapped at

surface defects etc... i.e. those that do not contribution to the emission at the band-

edge states. The exponential function describes the Beer-Lambert law which calculates

the fraction of the photons that remain after travelling through the physical cavity

length, Lc. Thus, the fraction that are absorbed by the emitters and go on to excite

them is given by subtracting the exponential from unity. Equations 3.51 - 3.53 then

become:

dN1

dt
= − ςTG(t)spat(ω0)

(
1− e−

σabsNconcLc
T

)
︸ ︷︷ ︸

pumping rate

−

re-absorption rate of laser photons from S1 to S2︷ ︸︸ ︷
N1Γvgσ12φ

Vc
+

N2βΓ(Fp + 1)φ

τrad︸ ︷︷ ︸
stimulated emission rate from S2 to S1

+

spontaneous emission rate from S2︷ ︸︸ ︷
N2(Fp + 1)

τrad
+

N2

τnr︸︷︷︸
non-radiative rate from S2

(3.59)

dN2

dt
= ςTG(t)spat(ω0)

(
1− e−

σexcNconcLc
T

)
︸ ︷︷ ︸

pumping rate

+

re-absorption rate of laser photons from S1 to S2︷ ︸︸ ︷
N1Γvgσ12φ

Vc

− N2βΓ(Fp + 1)φ

τrad︸ ︷︷ ︸
stimulated emission rate from S2 to S1

−

spontaneous emission rate from S2︷ ︸︸ ︷
N2(Fp + 1)

τrad

− N2

τnr︸︷︷︸
non-radiative rate from S2

(3.60)
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dφ

dt
= −

re-absorption rate of laser photons from S1 to S2︷ ︸︸ ︷
N1Γvgσ12φ

Vc
+

N2βΓ(Fp + 1)φ

τrad︸ ︷︷ ︸
stimulated emission rate from S2 to S1

+

N2βΓ(Fp + 1)

τrad︸ ︷︷ ︸
spontaneous emission rate from S2

−

cavity decay rate︷︸︸︷
φ

τcav
(3.61)

Note in the case of open access microcavities used in the experiments the spontaneously

emitted photons go into the cavity mode (fraction β) as well free space (fraction 1 - β).

Thus by adding these two terms we arrive the spontaneous emission terms in equations

3.59 and 3.60 that are independent of β. In equation 3.61, however, we do need to

include β as only this fraction contributes to φ.

By inserting a set of specific set parameters, as summarised in table 3.1, equations 3.59-

3.61 can be solved numerically (using MATLAB) to reveal a threshold behaviour. Note

that these parameters are chosen such that lasing can be obtained from the rate equations

at a sensible threshold. Figure 3.12a displays a graph of the photon density (φ) as a

function of the time plotted on a log-linear scale for two different pumping power, one

below (blue) and one above (red) the lasing threshold (Pth). It can be seen that above

threshold there is much faster recombination due to stimulated emission compared to

the spontaneous emission curve below threshold. A plot of the time integrated photons

density (Φ) reveals a clear threshold behaviour (at around 15 pJ per pulse) as seen in

figure 3.12b. In order to determine the lasing threshold a linear least squares fit is made

at this graph to the power dependence curve on a log-log scale, both above and below

the threshold as shown in figure 3.12b. The lasing threshold is then the value at which

the two lines intersect.

3.8 Conclusion

In this chapter the concept of quantum confinement was introduced leading to different

electronic density of states which depend strongly on the dimensionality of the CQDs.

By extending this concept to core-shell systems like the ones used in this experiment

different electron and hole wave function localisation regimes were identified, allowing the

CQDs to be classified as either type-I, quasi type-II and type-II depending on the degree
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Excitation spot size, Lspa 5 µm
Transmission, T 0.9
Absorption-crossection, σabs 1 × 10-18 m2

Radiative lifetime, τrad 15 ns
Non-radiative lifetime, τnr 50 ps
Purcell factor, Fp 0.003
Concentration, Nconc 5 × 1022 m-3

Refractive index, n 1.5
Physical Mode volume, Vc 9 × 10-18 m3

Confinement factor, Γ 0.7
Cavity decay rate, τcav 50 ps
Absorption cross-secton, σ12 5 × 10-21 m2

QY, ς 60%

Table 3.1: Summary of an arbitrary set of parameters for the theoretical model.

Figure 3.12: Rate equation output. a) Plot of photon density (φ) as a function of time
below (blue) and above (red) threshold Pth. The rapid initial decay above threshold
is signature of stimulated emission. b) A plot of time integrated photon density (Φ)
as a function of the pumping power showing a clear threshold behaviour. The circles

correspond to the pumping power for the traces showing in a).

of overlap between the carriers. Quantum confinement effects were shown to accurately

describe the energy level structure of CQDs and which were in very good agreement

with the experimentally observed absorption spectra. However, in order to explain the

emission properties of the CQDs it was necessary to consider the ground-state exciton

fine structure, which has strong influences from electron and hole exchange interaction,

spin-orbit interaction, the crystal field and the shape asymmetry of the CQDs.

The description of the energy level structure lead to the condition for optical gain in

CQDs. In CQDs with exciton-exciton interactions energies smaller than the ensem-

ble inhomogeneous linewidth biexcitons are required in order to achieve optical gain

and stimulated emission (type-I CQDs). By spatially separating the electron and hole

pairs using the appropriate core-shell structures an internal Stark effect is created which
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greatly increases the exciton-exciton interaction energy beyond the ensemble inhomoge-

neous linewidth enabling lasing in the single exciton regime. Although the CdSe/CdS

core-shell structures used in this thesis have the potential to show lasing in the single

exciton regime, as shown by Grivas et al [115] using dot-in-rods structures, in the case

of spherical CQDs and NPs very thick shells would be required to meet the condition

for single exciton gain. In this case, the CQDs used in this experimental will require

biexcitons to produce optical gain. The basic theory of lasing was then introduced. By

comparing the total losses to the gain a condition for the lasing threshold was obtained.

Some important cavity parameters such as the Q-factor and finesse were introduced

followed by a description of the Hermite-Gaussian modes which are produced in hemi-

spherical cavities. This then lead to the description of the coupling between CQDs and

the cavities used to produce lasing described in the context of cavity quantum electro-

dynamics. The cavity was shown to strongly modify the optical DOS for the CQDs

leading to an enhancement (or suppression) in their emission lifetimes (Purcell effect).

In this regard, the homogenous broadening resulting from electron-phonon interactions

in CQDs can reduce the CQD-cavity coupling and this was taken into account by an

effective Q-factor (the bad-emitter regime). The latter result will be important in the

theoretical treatment of the results of gain spectroscopy, as will be seen in chapters 5

and 6. The chapter ended with a detailed discussion of the rate equation model used to

describe a three-level laser. By inserting a set of sensible parameters the rate equations

where solved numerically to demonstrate lasing behaviour.



Chapter 4

Experimental Methods

4.1 Introduction

The chapter discusses the experimental techniques used to successfully perform las-

ing experiments with CQDs. Initially, the experimental tools used to characterise the

CQDs are discussed. These include measuring radiative lifetime, PL and absorbance

measurements as well as measuring the ultrafast non-radiative Auger process. Accurate

measurements of such quantities is required in the interpretation of the results as well

as development of the theoretical descriptions that describe gain spectroscopy results.

The sample preparation process will then be discussed with a focus on achieving high

packing densities, a key parameter needed to obtain lasing. The mirror alignment pro-

cess is then highlighted, which is crucial on obtaining small cavity lengths, and brief a

discussion on the efficient coupling of the excitation laser to the CQDs will be given.

This is followed by the description of the experimental set-up used to perform gain spec-

troscopy experiments. Finally, a description of the techniques used to measure some

of the other key parameters, such as excitation laser spot size and the concentration of

CQDs inside the cavity, will be presented.

4.2 Materials characteriation

4.2.1 Lifetime Measurements

As will be seen in chapters 5 and 6 the lifetime of the excited state of the CQDs is an

important experimental parameter in the theoretical treatment of the results of gain

spectroscopy. In order to measure the lifetime it is necessary collect photons emitted by

53
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the CQDs into a detection device which is sensitive enough to detect arrival of single

photons. Examples of these include photomultiplier tubes (PMTs), avalanche photo-

diodes (APDs) or single photon avalanche photo-diodes (SPADs), and the last was the

detector used in the experiments in this thesis. The SPAD functions by producing a

current pulse (of order mA) upon arrival of a photon with a timing resolution of 100s

of ps. A pulsed laser source is used to excite the CQDs and is required to have both

the temporal pulse width and the arrival time between two consecutively laser pulses

shorter and longer, respectively, than the CQD lifetime. For this reason, a PicoQuant

LDH-D-C-375 diode laser was used producing photons at wavelength 375 nm and with

a pulse width below 100ps. In conjunction, a PicoQuant PDL 800-D laser driver was

used with an adjustable repetition rate between 31.25 kHz-80 MHz, and can also be

operated in the continuous wave regime. In the case of the lifetime measurements the

repetition rate was set to 1 MHz producing a time difference of 1µs between the arrival

of two consecutive laser pulses, which is much larger than the typical lifetime of the

CQDs. The laser driver generates a current pulse used in the production of the laser

and simultaneously generates a trigger pulse which is fed into an electronic device called

a time-correlated single photon counter (TCSPC). The current pulses generated by the

SPAD are also fed into the TSCPC. The device then correlates the two currents pulses

by measuring the difference in the time of arrival between current pulse from the laser

driver and from the SPAD, which indicates the arrival of a photon from the CQDs. The

data is then plotted in the form of histograms of intensity versus time, which is referred

to as time-resolved photoluminescence spectrum (TRPL). In order to obtain accurate

lifetimes measurements the timing resolution of the TCSPC must be very quick and for

the device used in this thesis this was ∼ 900ps, which is faster than the typical radiative

decay rate of CQDs. In order to improve the signal to noise ratio the lifetime data was

obtained by integrating over∼ 150 s (i.e. over 150 x 106 laser pulses).

Figure 4.1 shows the schematic of the lifetime setup. Both of the CQDs (NCs and NPs)

are initially in the solution form dissolved in hexane, reflecting the fact that the gain

spectroscopy experiments were also performed using solution-based CQDs. Although

the concentration of this original solution was unknown, the concentration of the NCs

when placed inside the cavity (also in solution form) was measured to be of the order ∼
1023 m-3 (see section 4.6 for details on how the concentration was measured), giving a

packing density of ∼ 20% by volume. However, it is expected that the concentration of

the original solution in hexane is slightly lower and the reason for this is stated in section

4.3. For the NPs the concentration was not measured in the same way as for the NCs

(the method detailed in section 4.6 was developed after the lasing experiments using

NPs were conducted), however, rate equation simulations suggested a concentration of

∼ 1021 m-3, giving a packing density of ∼ 0.5% by volume inside the cavity (as will
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be seen in Chapter 6). Furthermore, the CQDs were placed in a 10 ml vial with a

diameter of ∼ 1 cm. The excitation laser is directed at the vial containing the CQDs,

the direction of which is at right angles to the collection arm of the set-up to minimise

the laser light entering the SPAD. An additional 450 nm long pass (LP) filter is used

to block any remaining scattered light entering into the SPAD. The emission from the

CQDs is initially collimated and then focused using a microscope objective with × 20

magnification onto a multimode fibre which then directs the photons onto the SPAD.

The objective is fitted to a z-axis translation mount to optimise the signal into the fibre.

Figure 4.1: Schematic of the lifetime measurement apparatus.

4.2.2 Photoluminesence Spectroscopy and Absorbance Measurements

Together with lifetime measurements photoluminescence (PL) and absorbance measure-

ment are vital in interpreting the results of gain spectroscopy and in its theoretical

treatment. Figure 4.2 shows the schematic of the experimental set-up used to obtain PL

data from an ensemble of solution-based CQDs. Unlike lifetime measurements where a

pulsed excitation is required a CW excitation will suffice in this case. The CQDs were

excited using a 375 nm PicoQuant LDH-D-C-375 diode laser operated in the continuous

wave regime. The excitation is at right angles to the collection angle to minimise mixing

of the signal and the laser beam. The emission from the CQDs is isotropic and part of

the signal is then collected using a × 10 microscopy objective, which is then directed
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into the Andor shamrock 500i spectrometer attached to a Newton 940 CCD (thermo-

electric cooling) by initially focusing the signal onto the spectrometer slit to obtain a PL

spectrum. A 450 nm long pass filter is used to block any remnant laser beam entering

into the spectrometer.

Figure 4.2: Schematic of the PL measurement apparatus and the spectrometer. M1 is
a planar mirror and Mc1 and Mc2 are curved mirrors used for collimation and focusing

of the light.

Absorbance measurements were taken using the Cary 5000 UV-Vis-NIR spectrometer

(wavelength range 175-3300 nm) for the CQDs in solution form. The samples are initially

diluted, with the concentration typically less than 1mg/mL (in terms of the QCDs this

is a very clear solution). Mathematically the absorbance, A, at a certain wavelength can

be calculated by taking the negative logarithm of the ratio of the incident radiant flux

(Φi) to the transmitted (Φt):

A = log

(
Φi

Φt

)
= −log(T ) (4.1)

where T = Φt

Φi
is the transmittance of the material. The sample are prepared in a clear

quartz cuvette as this is transparent to light in the UV region. A basic representation

of the spectrometer is given in figure 4.3. In order to take into account any absorbance

from the cuvettes and from the solution dissolving the CQDs a reference (or a blank)

sample is also inserted into the spectrometer which is just an another cuvette containing

the dissolving solvent (hexane). The spectrometer then measures the true absorbance

of the sample for a selected wavelength range of interest (typically 200nm - 800 nm in

the case of CQDs).
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Figure 4.3: Schematic of the Cary 5000 UV-Vis-NIR spectrometer. A white light
source is dispersed using a diffracting grating. A particular wavelength of light is then
selected by the exit slit which is then directed onto the sample and fraction of the light
remaining is then passed onto the detector. The diffraction grating is rotated into order

to cover the full wavelength range of interest.

4.2.3 Pump-probe Spectroscopy

A very useful experimental tool in studying the properties of CQDs is called Transient

Absorption (TA) Spectroscopy or Pump-Probe spectroscopy. In TA a pump pulse gen-

erates excited carriers and the absorption change is then measured by a second lower

intensity probe pulse. The probe pulse can be either generated from either a monochro-

matic tunable source (e.g. optical parametric amplifier) or from a broadband light source

(e.g. pulses of femtosecond white-light continuum generated in a sapphire plate) and

the timing between the pump and probe pulses can be controlled with femtosecond or

picosecond resolution. Thus, by monitoring the changes in the absorption or transmis-

sion in the time and spectral domain one can obtain information regarding electronic

energies, carrier relaxation and recombination dynamics on an ultrafast timescale.

The physical quantity measured in this project was the normalised or fractional trans-

mission:

dT

Tgrd
=
Texc − Tgrd

Tgrd
(4.2)

where Texc and Tgrd are the excited state and the ground state transmission. The

fractional transmission of the excited state population is governed by three different

physical processes, which are also shown schematically in figure 4.4.

1. Bleach The pump pulse puts a significant fraction of the CQDs into the excited

state (state-filling) and thus reduced the population of the ground state. In this

case dT
Tgrd

>0

2. Stimulated emission There is a probability that an incoming probe photon from

the probe pulse stimulates radiative emission from the excited state to the ground

state, hence the transmission of the probe pulse is amplified. Again in this case
dT
Tgrd

>0
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3. Induced absorption Induced absorption can happen for two different reasons.

One is the result of the electric fields generated by carriers initially excited into

high energy states. The induced electric fields leads to modifications in the oscilla-

tor strength (Stark effect) of the original transitions shifting them to new energies

while reducing the absorption strength at the position of the original ones. As

a result, dT
Tgrd

<0 ( induced absorption) at the position of these new transitions

and dT
Tgrd

>0 (bleaching) at the position of the original transitions. However, in-

duced absorption change in QCDs can also often be a direct consequence of carrier

trapping. For example, ultrafast carrier trapping can lead to additional excitation

into surface states or an unoccupied state due to the surrounding solvent (section

2.5.2).

Figure 4.4: The processes involved in pump-probe spectroscopy.

This technique was employed in this project to measure the multiexciton Auger lifetimes

of the CQDs. Measuring the Auger lifetime is important in informing which excitation

source to use (it is desirable to have the temporal pulse duration of the laser to be

smaller than the Auger lifetime), in calculating the required packing density of the

CQDs to obtain lasing (equation 2.1 in chapter 2) and also in formulation of the theory

of gain spectroscopy. To do this the probe wavelength is fixed at a particular wavelength,

which is typically resonant with the lowest emitting transition (or the band-edge state)

as this is the transition of interest in lasing experiments. The delay between the pump

(the wavelength of which is well above the band gap) and probe is then varied at a femo

or pico-second time scale to produce a time transient.

All pump-probe experiments on CQDs were performed with our collaborators at the

University of Manchester. Figure 4.5 shows a schematic of this experimental set-up. A

mode-locked Ti:sapphire regenerative amplier laser system (Spectra-Physics Spitre-Pro)
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is used to produce pulses at 800 nm at 1 kHz repetition rate with a pulse duration of

100fs. A beam splitter was used to direct 95% of the light into an optical parametric

amplifier (OPA, Light Conversion Ltd. TOPAS-C) which is used to produce the pump

beam photons with a wavelength that is tunable from the ultraviolet to the visible region.

Subsequently, the pump beam was passed through a mechanical chopper synchronized

to half the repetition rate of the laser (500 Hz) before being focused onto the sample. A

neutral density (ND) filter was used to control the power delivered to the sample. The

other 5% forms the probe beam and was directed onto a delay stage which is computer

controlled to vary the delay time between the probe and the pump beam. The power

was again controlled using an ND filter before being directed into a sapphire crystal

to produce a white light continuum (via the process of supercontinuum generation).

This was subsequently split using a beam splitter to form a probe beam and a reference

beam which was passed through a spectrometer (SpectroPro 2500i) and then onto a

Si photodiode. The probe beam was then focused onto the sample and directed into

the spectrometer (the sample and the reference beams are directed onto separate Si

photodiodes) and minute changes in the difference in the intensities of the reference and

the probe beams can then be detected using a digital lock-in amplifier (Stanford Research

Systems SR830). This amplifier was synchronized to the mechanical chopper to improve

the signal-to-noise ratio. The samples were magnetically stirred at 1000 rpm to circulate

the NC solution through the pumped volume and is known to reduce the build-up of

trapped charges at the surfaces, hence avoiding the formation of trions[149–151].

Figure 4.5: Schematic of the pump-probe spectroscopy set-up.
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4.3 Sample Preparation

In order to prepare the samples the cavities are initially cleaned by soaking them in

chloroform which removes residual CQDs and other organic matter that may be there

from previous experiments and then are sonicated in acetone for ∼ 5 mins as additional

mean to clean them. Two different systems are examined in this thesis, which are

the CdSe/CdS NCs and nanoplatelets (NPs). The nominal CdSe core diameter of the

spherical CQDs was 4.23 nm with a 2.6 nm (or ∼ 7.6 ML) CdS shell thickness. The

nominal CdSe core dimensions of the NPs are ∼ 44 × 8 × 1.35 (nm), with ∼ 0.7 nm

(or 2 ML) CdS shell thickness encapsulating the core. Both the shperical CQDs and

NPs are passivated with oleic acid ligands. As was mentioned in section 2.5.3 in order

to achieve stimulated emission and lasing the packing density of the CQDs must be over

a certain value. This is so that, according to equation 2.1, the stimulated emission rise

time can be faster than the non-radiative Auger process, which, at least in the case of

spherical CQDs, ultimately puts an intrinsic limit of the optical gain lifetime. As well as

achieving a high packing density it is also important to produce smooth CQD films into

order to reduce scattering of the photons which can degrade the quality of the optical

modes and ultimately the lasing performance.

In order to satisfy both of the aforementioned criteria (high packing density and smooth

films) two methods were initially implemented. These are spin-coating (SPS Spin150)

and drop-casting. Since all of the CQDs were initially dispersed in the solvent hexane,

which is highly volatile at room temperature, the solvent quickly evaporates leaving

behind only the CQD film. The initial concentration of the solution, however, was

not known. The CQD solution was deposited directly on top of the planar mirror of

the cavity. Although spin-coating gave good quality films, it failed to produce lasing,

which was most likely due to the low packing density produced in these films. On

the other hand, drop-casting can produce very high packing densities due to the coffee

stain effect[152] and has been shown to producing lasing from CdSe/CdS nanorods[153].

However, in our case this method produced films that were too thick (greater than the

RoC ∼ 25 µm of the cavity and thus beyond the stability of the optical modes, see

section 3.5.3) and/or the films were too rough to observe a proper mode structure.

Eventually this problem was solved by mixing octadecane into the solution of CQDs

containing the hexane. Octadecane has a boiling point 317 ◦C and is thus highly non-

volatile. This means with the correct mixture drop-casting the solution into the planar

mirror will initially increase the concentration of the CQDs (due to the evaporation of

the solvent hexane) but because of the octadecane CQDs remain in the form of a solution

at room temperature during the course of the experiment. This method produced the

required high packing density and reduced scattering of the photons in the solution.
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By systematically increasing the octadecane volume, an ideal mixture was found to be

a solution containing between 3 - 5.6% octadacane by volume for both NCs and NPs

(and thus the other being hexane). It is important to note that during the course of

the experiments, which takes ∼ 2-3 hours, there will be negligible evaporation of the

octadecane and so does not influence on the results of gain spectroscopy.

4.4 Experimental Set-up

Figure 4.6a shows the schematic of the experimental set-up. In all experiments the

CQDs are excited using a pulsed laser system. An ND filter was used to control the

power delivered to the CQDs. A fraction of the laser power is directed into a power

meter (Thorlabs, PM100D). The rest of the power is directed onto a 0.4 numerical

aperture (NA) objective with a magnification of × 20 which focuses the excitation laser

beam onto the cavity. The CQD emission is collected using a 0.25 NA lens with ×
10 magnification and directed on the spectrometer with a cooled silicon CCD camera

(Andor newton 970). A 450 nm long-pass filter is used to block the excitation beam

going into the spectrometer. During alignment a temporary white light source (in place

of the x 20 objective) is used to image the cavities in transmission using a webcam/CCD

for alignment purposes (see section 4.5). Fine tuning of the cavity length is given by

fixing the planar mirror to a ring actuator (HPSt 1000/35-25/7, piezosystem jena GmbH)

with a maximum travel range approximately 7 µm. The length was controlled using a

Keithley 2400 voltage source meter. Figure 4.6b shows expanded view of the cavity

geometry containing the CQD solution. The entire cavity set-up is mounted on a XYZ

translational stage which provides independent manoeuvrability of the cavities with

respect to the excitation objective lens. This is very useful in optimizing the position of

the excitation beam onto the cavity.

The data acquisition was automated by using the software Labview for all experiments.

The automation process was crucial in order to obtain many lasing spectra over a short

period of time, which would otherwise be very time consuming. This requires the use

of a stepper motor (controlled using an Arduino UNO microcontroller) attached to the

ND filter to automatically increment the power of the excitation laser in a step-by-step

manner, whilst the power and the spectra get recorded automatically by the software

after each iteration. Similarly, part of the data analysis (the fitting of the lasing spectra)

was also automated using Labview.
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Figure 4.6: The experimental set-up. a) Schematic of the experimental set-up used to
perform gain spectroscopy. A = tilt control, B = piezo ring actuator, C = planar mirror,
D = hemispherical mirror. b) Cavity consisting of a planar and a hemispherical mirror
each with λ/4n alternating pairs of SiO2/TiO2 forming distributed Bragg reflectors

(DBRs). Image b) courtesy of Dave Coles.

4.5 Cavity Alignment and Coupling

After the deposition of the CQD solution onto the planar mirror the cavity is mounted

onto the experimental set-up as shown in figure 4.6a. As was mentioned previously,

in order to produce stable cavity modes it is necessary to get the cavity length below

the RoC of the hemispherical mirror, which in this case is 25 µm. In order to achieve

such short cavity lengths the angle between the hemispherical and the planar mirror is

adjusted such that both mirrors are as parallel as possible. This is achieved by a three-

axis kinematic control attached to the hemispherical mirror (labelled A in figure 4.6a),
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which can also be used to coarsely control the separation between the cavity mirrors.

During this alignment procedure a temporary white light source is used to image the

cavities in transmission. Using the × 10 objective a focused image is created onto the

webcam/CCD. The white light is filtered using a 532 nm band-pass filter which creates

interferences fringes (Fabry-Pérot modes) as a result of angular deviation between the

two mirrors when the two mirrors are brought close to each other. Upon bringing the

mirrors into a more parallel configuration the number of fringes is reduced. This process

in shown in figure 4.7. With this method physical cavity lengths between 1-4 µm are

produced, and since the gain medium is in solution form and fills the entire cavity volume

the cavity length is also equal to the gain medium thickness.

Mirror alignment 

Figure 4.7: Mirror alignment. White light transmission shows multiple fringes in
case of a misaligned cavity (left) and in the case of an aligned cavity (right) where the

number of fringes are reduced. Image courtesy of Sam Johnson.

Once the cavity is aligned parallel they are imaged onto the camera. The white light

source is then removed to allow for the excitation of the CQDs using a laser, which

is focused down onto the cavity using the × 20 objective. Finally, using the XYZ

translation stage the cavities are carefully manoeuvred relative to the excitation beam

until cavity modes can be seen on the spectrometer. Such cavities modes are shown

in figure 4.8a overlaid on top of the ensemble PL curve (grey). In this case three

fundamental cavity modes (TEM00) and their associated transverse modes TEMm+n # 0

can be seen. From this spectrum the cavity length, which is an essential parameter in the

theory of gain spectroscopy, can be calculated by measuring the FSR and then using the

formula 3.17. Although this formula is an approximate for hemispherical cavities it can

be used to estimate the cavity length. Using this the mode number, q, can be determined

from equation 3.38. This is important as the initial cavity length almost always allows

for more than one longitudinal mode with the stop-band of the cavity. This is referred

here to the “open-cavity ” case. However, as will be seen in the following chapters single

mode lasing, which is highly desirable from a technological standpoint, requires only

a single longitudinal mode to exist within the stop-band (referred to as the “closed-

cavity” case). This can be achieved by decreasing the cavity length (as shown in figure



Chapter 4. Experimental Methods 64

4.8b) and by tracking the number of modes that sweep by the final cavity length can

be determined by using equation 3.38 again. To perform gain spectroscopy the cavity

length is controlled using the ring actuator using the voltage source, which gives fine

control on the spectral position of the modes. Typical FWHM of the CQD ensemble are

∼ 24-32 nm and for those of the cavity modes are ∼ 0.15-0.6 nm (minimum), giving Q-

factors of ∼ 4000-1000. It will be seen in the next chapter that the cavity Q-factors are

in fact limited by the self-absorption (and also scattering) of the lasing photons inside

the cavity, and not by the reflectivity of the cavity mirrors.

Note that during the course of the experiment there is a constant spectral drift of the

optical modes. The cause of this drift is the mechanical relaxation of the springs used to

control the kinematic and which consequently causes small changes in the cavity length.

This makes it challenging to lock the cavity mode in one spectral position, which is

crucial in performing accurate gain spectroscopy measurements. In order to get around

this problem the voltage on the ring actuator used is constantly adjusted manually to

keep the mode in a desired spectral position during data acquisition.

Figure 4.8: Cavity modes. a) Three TEM00 modes with mode numbers q - 1 to q
+ 1 are seen from the emission of CQDs coupled to the cavity. Their corresponding
transverse modes can also be seen. The modes are overlaid on top of the ensemble PL
spectrum (grey). b) By decreasing the cavity length the FSR range can be increased
to enter the single longitudinal mode regime where only one TEM00 mode can be seen.

4.6 Measuring Spot Size and Concentration

The excitation spot size and concentration of CQDs solution inside the cavity are also

important physical parameters that feed into the theoretical description of the results of

the gain spectroscopy. To measure the spot size an image of the excitation spot (which

is essentially formed because of the PL emission from the CQDs) is formed using the

spectrometer CCD. A horizontal and a vertical trace is taken across the middle of the
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spot and a Gaussian function is fitted to each to extract the FWHM. This process shown

in figure 4.9a and b respectively. The spot size is taken as the average of the horizontal

and vertical FWHM. The pixel number now needs to be converted into real length units.

In order to do this an apparatus called the Ronchi ruling is used. This is simply a series

of evenly spaced opaque lines which when viewed in transmission using a white light

and focused produces an image like the one shown in 4.9c. Since the spacing between

the lines is known (in this case 10 µm) the number of pixels between two lines can then

be measured and used calibrate the pixel number with the length. This then allows the

spot size measured in pixels to be converted into real units. Note that an objective lens

of the same magnification used to image the spot size must be used to image the Ronchi

ruling.

Figure 4.9: Measurement of the spot size. a) An image of the excitation spot size
viewed using a CCD. Horizontal and vertical traces are taken to estimate the spot size.
b) The spectral intensity profile of a horizontal trace. The FWHM is taken by fitting

a Lorentzian profile. c) Ronchi ruling imaged using a CCD.

To measure the concentration initially the transmission of the cavity containing the

CQDs, (I), was measured using a laser. To do this, the laser beam was focused using

an objective lens onto to a single cavity. The laser power entering the objective lens was

measured. The power of the transmitted laser was then measured from the other side

of the cavity. The transmission of the cavity without any CQDs was then measured as

a reference, (I0), using and identical set-up. The cavity length was matched as closely

as possible to the original experiment. Then, the concentration, C, can be determined

using the Beer-Lambert law 4.3:
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ln

(
I0

I

)
= σabsLC (4.3)

where L is the cavity length and σabs is the absorption cross-section at excitation wave-

length. In the case of shperical CQDs the value of σabs can be estimated by the method

detailed by Park et al [154], which will be highlighted below. We estimate the absorp-

tion cross-section of the spherical CQDs at very high spectral energies (such as for

the excitation laser at 400 nm used to measure the concentration) using the following

equation[76]:

σabs =
4

3
πα(ω)|f(ω)|2

nCQD
nsolv

R3 = ξ(ω)R3 (4.4)

where α(ω) is the absorption coefficient at frequency ω, nCQD and nsolv are the bulk

material and solvent refractive indices, respectively, R is the CQD radius and f(ω) is the

local-field correction factor, which takes into account the difference in the electric field

outside and inside the semiconductor material. In the case of the spherical core-shell

CQDs equation 4.4 takes the form of:

σabs = ξcore(ω)R3 + ξshell(ω)[(R+H)3 −R3] = ξshell (R+H)3 + [ξcore(ω)− ξshell(ω)]R3

(4.5)

where R and H is the CQD core radius and shell thickness (nm), respectively. In the

case of CdSe/CdS the optical constants at 400 nm are ξcore(400nm) = 3.50 × 10-16

cm2nm-3 and ξshell(400nm) = 3.43 × 10-16 cm2nm-3[154]. Thus, the total cross-section

at 400 nm is found by substituting these values at into equation 4.5 to obtain:

σabs(400nm) = 3.43× 10−16 (R+H)3 + 7× 10−16R3 ≈ 3.43× 10−16 (R+H)3 (4.6)

Whereas the above approach is valid in the case of spherical CQDs, the same method

cannot be used in the case of NPs due to their non-spherical shape. In this case, however,

a value from literature (reference [16]) for NPs with similar core and shell dimensions

to the ones used in this thesis is taken at the desired excitation wavelength (450 nm),

as will be mentioned in chapter 6.
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4.7 Conclusion

In this chapter the experimental techniques used to characterise the CQDs were pre-

sented. These measurements are essential in order to understand the results of gain

spectroscopy as well as in the formulation of the theoretical descriptions of the results.

Initial attempts to prepare closed-packed films of CQDs (from a solution of CQDs con-

taining hexane) onto the planer mirror of the cavity failed to produce lasing. Here

two methods were used, spin-coating and drop-casting. Whereas spin-coating produced

good quality films, it failed to produce a high enough packing density to obtained las-

ing. Drop-casting on the other hand can produce high packing densities, however, the

thickness of the films were either too large (greater than the RoC of the cavity used

which was ∼ 25 µm) and/or the quality of the films were bad such that a proper mode

structure could not be obtained (due to scattering of the photons from the roughness

of the film). Eventually, an optimal sample preparation method was found by adding a

small quantity of a non-volatile solvent such as octadecane to the CQD solution contain-

ing hexane. Upon depositing the solution of the mirror a highly concentration CQDs

solution is formed. This produced a solution with required packing density and also

minimised the scattering inside the cavity to produce lasing from good quality optical

modes.

The description of the experimental set-up to carry out the gain spectroscopy experi-

ments presented including the mirror alignment procedure, which is important in achiev-

ing small cavity lengths. Finally, methods to estimate the estimate the excitation spot

size and the concentration of CQDs inside the cavity was also mentioned.





Chapter 5

Gain Spectroscopy of CdSe/CdS

Nanocrystals

5.1 Introduction

This section presents the results of gain spectroscopy of solution based CdSe/CdSe

core-shell spherical NCs using tunable open access microcavities. Understanding the

interplay between the various absorption and emission processes is essential in order to

optimise the NC design. One method of performing gain spectroscopy of CQDs is the

transient absorption (or pump-probe) method[82], which also allows the investigation

of the ultrafast intraband carrier relaxation dynamics. However, optical gain and such

ultrafast relaxation processes are considerably removed from lasing behaviour in the

presence of optical feedback, and a good understanding of the lasing process is currently

lacking.

Tunable cavities and laser emission have been demonstrated by others using, for exam-

ple, electric-field[111, 118]], strain[117], or pressure[119]. However, these methods have

too low a tuning range to enable useful spectroscopy or there is a chance that the emis-

sion properties of the NCs may be modified due to changes made to their environment,

making the interpretation of the results difficult. On the other hand, in our cavities the

NCs experience no change in temperature or stress during tuning and so the changes in

lasing performance can be attributed unambiguously to the change in feedback wave-

length. To date, this is the first time NCs have been coupled to an open access cavity

system to study the lasing behaviour enabled via in-situ tuning of the cavity feedback

wavelength. Furthermore, tunable and single mode laser emission from the fundamental

cavity mode is demonstrated, for which the spectral resolution is limited only by the

resolution of the actuator. Finally, a theoretical model is proposed which accurately

69
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describes the results of gain spectroscopy and provides insights into the processes that

govern the lasing behaviour of the NCs. The study forms the basis our publication in

Advanced Optical Materials[155].

5.2 Nanocrystal Lasing Experiments

This section describes gain spectroscopy experiments conducted using CdSe/CdS spher-

ical NCs using hemispherical cavities of β = 25 µm. The mirrors consist of 10 pairs of

alternating SiO2/TiO2 with maximum reflectivity of 99.87% at the design wavelength

of 640 nm (this is calculated using the transfer matrix method as highlighted in section

3.5.2). The nominal diameter of the CdSe core is 4.23 nm and the CdS shell thickness

is 2.6 nm (corresponding to ∼ 7.6 ML). These samples were provided by our collabora-

tors at the Samsung Advanced Institute of Technology. Two batches of such NCs were

provided, which we will call SAIT-1 and SAIT-2, both having nominally the same core

and shell thicknesses. Both were passivated with oleic acid ligands. The NC sample was

prepared using the method outlined in section 4.3. The experimental set-up is described

in section 4.4. In all the lasing experiments the focus was primarily on the lasing be-

haviour of the fundamental cavity mode (TEM00). From a technological standpoint it

is expected that the fundamental cavity mode should give the lowest lasing thresholds,

produce minimal beam divergence and enable single mode lasing.

5.2.1 Power Dependence Curve

This section concerns experiments using SAIT-1. The experiments were conducted using

a frequency double mode-locked Ti:sapphire laser (Mira 900) at 400 nm with a pulse

duration of 100 fs and capable of delivering energies in excess of 700 pJ per pulse. A pulse

picker was used to reduce the repetition rate from 76 MHz down to between the range

40-80 kHz in order to prevent photo-bleaching of the NCs[156–158]. These experiments

were conducted in the lab of Prof Robert Taylor in the Department of Physics (University

of Oxford). Figure 5.1a shows typical emission spectra below threshold (blue) where the

fundamental cavity mode located at 641 nm (TEM00) with the mode number q and

higher order transverse modes (up to m+ n = 4) can be seen. Note that on the higher

wavelength side of the fundamental mode (q, 0, 0), other transverse modes associated

with a lower longitudinal mode number q − 1 can also be seen. By measuring the FSR

and using equation 3.17 the optical cavity length was calculated to be 5.3 µm. Then, by

using equation 3.38 the value q was calculated to be equal to 17. As the pumping power

is increased multimode laser emission from the fundamental and higher order cavity

modes can be seen (green).
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In order to confirm NC lasing a power dependence spectrum is obtained. This is a

plot of the intensity of the optical mode versus the pumping power. Lasing is identified

by a characteristic kink in the power dependence resulting from the stimulated emission

process. The integrated intensity (I) of the fundamental mode as a function of excitation

energy per pulse (Eex) plotted on a log-log scale reveals a clear threshold behaviour, as

presented in figure 5.1b. Here, two power dependence graphs are for the same cavity

mode but located at two different spectral positions (622 and 641 nm as seen in the inset

of figure 5.1b), tuned into position by changing the cavity length. These display lasing

with thresholds of 190 (± 7.6) pJ per pulse at 622 nm and 80 (± 3) pJ per pulse at 641

nm, strongly hinting at the variation of the lasing threshold as a function of spectral

positon. Figure 5.1b also shows the FWHM as a function of excitation energy which

can be seen to drop sharply at threshold due to the increase in the coherence time of

the system and quickly reaches the resolution limit of the spectrometer (∼ 0.1 nm).

This sharp reduction in the linewidth provides conclusive evidence of lasing and also

provides an accurate way of measuring the lasing threshold. Note that the linewidth of

the mode below threshold at 641 nm is narrower than that of the mode at 622 nm due

to weaker re-absorption of cavity photons by the NCs (see Section 5.2.2). Moreover, the

lasing indicates that the minimum packing density required to achieve lasing has been

exceeded in our system (see equation 2.2).

Figure 5.1: NC lasing.(a) Spectra below and above threshold at pump energies of
0.85Pth and 2.66Pth (400 nm excitation), respectively, and where Pth is the threshold
energy per pulse. Multi-mode laser emission (from TEMm+ n = 0 to TEMm+ n = 3) can
be seen above threshold. (b) Threshold behaviour from the fundamental cavity mode,
TEMm+ n=0, at two different spectral positions (622 nm and 641 nm), along with the
linewidths, showing a sharp decrease at threshold. The inset shows the spectra of this

lasing mode at two different spectral positions, both above threshold.
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5.2.2 Gain Spectroscopy

Once lasing was achieved the cavity length was then tuned to place the cavity mode in

the desired spectral position and the threshold extracted. Figure 5.2a shows a graph of

the threshold as function of the wavelength for the fundamental cavity mode and the

first transverse mode (TEMm + n = 1) over a range of ∼ 32 nm. The lasing threshold

for both modes shows a clear minimum at around 638 nm which is red-shifted by ∼ 10

nm from the ensemble PL peak. The full ensemble PL curve (FWHM 32 nm) and the

absorbance curves are shown in figure 5.2b. It is also interesting to see that the lasing

thresholds for the first transverse mode are equal in magnitude to the fundamental cavity

mode. This is somewhat unexpected given that finesse, and hence the threshold of the

transverse mode, is expected to be lower, however, the reason for this will be discussed

a little later in the chapter.

This red-shifted lasing minimum indicates a spectral positon where the lasing process is

the most efficient and is consistent with other observations in NCs[82, 95, 113, 159, 160]

and also in dye-doped systems[161] in the absence of resonant optical feedback. In these

reports, the appearance of ASE to the red of the PL peak has been justied by the

fact that the net gain is a result of the competition between stimulated emission and

absorption processes, the latter always being stronger at shorter wavelengths. However,

the spectral position of this minimum can also be strongly influenced by the binding

energy of multiexcitons. Gollner et al[162] showed that the position of the ASE peak

in CdSe/CdS NCs can be tuned by altering the exciton-exciton interaction energy via

modification of the core and shell sizes. Thus, both of the aforementioned factors could

play a role in determining the measured gain profile of our NCs and this will be discussed

further in section 5.3.2.

Figure 5.2: NC Gain spectroscopy. a) A plot of the lasing threshold of the TEM00

and TEMm+ n = 1 as a function of wavelength, along with the normalised PL spectrum.
a) c) Extended ground state absorbance (normalised at the first absorbance peak) and

the normalised PL spectrum.
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Before moving on it is important to confirm that the threshold behaviour seen as a

function of wavelength is a property of the NCs rather than the cavity. In order to test

this we have measured the Q-factor of an empty cavity for a similar cavity length (∼
5.3 µm) to the one used in the described experiment.

The linewidth (δλ) of the cavity filled with the NCs below the lasing threshold is plotted

in figure 5.3 along with the normalised absorbance curve (grey). The Q-factor is calcu-

lated using equation 3.18. Consequently, in figure 5.3b the Q-factor is seen to increase

with wavelength (blue) with a maximum value reaching around 3800. This is in contrast

to the empty cavity (black) where the Q-factor is seen to decrease with the wavelength

with a minimum value of around 6200 ( this was measured with a resolution of 0.03 nm

corresponding to a resolution limited Q-factor of 21000). The limit of Q-factor for the

empty cavity can be the reflectivity of the mirrors or diffraction losses. More importantly,

the Q-factor of the filled cavity is significantly lower than empty cavity which indicates

it is limited by the re-absorption of the lasing photons. This provides an explanation of

why the Q-factor is increasing with wavelength as the absorption of is always lower at

higher wavelengths and confirms that the threshold behaviour we have measured is in

fact the property the NCs themselves and has no influence from reflectivity of the cavity

itself. Furthermore, this also explains why the threshold of the TEMm + n = 1 is equal

to the TEM00 mode in figure 5.2. Even though the intrinsic Q-factor (i.e. for an empty

cavity) of the TEMm + n = 1 will be lower the Q-factor of this mode in the presence of

NCs will be re-absorption limited and will therefore be equal to the TEM00 mode.

Figure 5.3: Measuring the quality factor. a) A plot of the FWHM of the TEM00 as
a function of wavelength along with the normalised absorbance curve. b) A plot of the
Q-factor for the empty cavity and the filled cavity as a function of wavelength, along
with the normalised absorbance curve. In all cases the errors bars originate from the

error in the linewidth given by fitting the modes with a Lorentzian function.

An interesting feature is revealed by looking at the power dependence curve below thresh-

old on a linear-linear scale. This shown in figure 5.4a for the fundamental cavity mode

located at 622 nm. It can be seen that the intensity of the mode saturates at high

pumping powers before the onset of lasing. This hints at the multiexcitonic nature of
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the optical gain in our NCs and can be understood as follows. At low pump energy the

NCs mostly contain single excitons which are responsible for producing the PL emis-

sion. However, emission from multiexcitons is efficiently quenched by the non-radiative

Auger recombination as this process can be much faster than the radiative lifetime of

the multiexcitons. Hence, as the number of NCs containing single excitons saturates

with increasing pumping power so does the emission intensity.

However, one can use this saturation behaviour to correlate the pumping power with

the average exciton number per NC, 〈N〉. By considering the fact the PL emission from

the ensemble is proportional to the probability that they contain at least one exciton,

1− P (0), where P (0) is the probability that they contain zero excitons we arrive at an

equation for the spontaneous emission intensity below threshold, Isp:

Isp = Psp(1− e
−Eex

E1 ) (5.1)

where Psp is the intensity at saturation , Eex is the excitation power and E1 is the power

at which 〈N〉 is equal to unity. The function, P (k), where k is the number of excitons,

is the Poisson probability distribution given by:

P (k) =
〈N〉ke−〈N〉

k!
(5.2)

This fit is shown in 5.4a. By extracting the parameter E1 a plot of 〈N〉 as a function of

the pumping power is shown on the top axis. Figure 5.4b shows the plot of the average

exciton number at threshold, 〈Nth〉, as function of spectral position. The graph shows

a minimum in 〈Nth〉 with a value of ∼ 1.5 at 638 nm coinciding with the minimum in

the lasing threshold in figure 5.2a. This value suggests that lasing occurs from biex-

citons which is consistent with what is calculated theoretically for type-I structures in

section 3.4.1. The values of 〈Nth〉 measured experimentally can be compared to the ones

calculated using the following equation[9]:

〈N〉 =
Tσ400nmEex

~ωAexc
(5.3)

where T is the transmission of the cavity mirror at the pump wavelength, σ400nm is the

absorption-cross section at the excitation wavelength (400 nm), Eex is the pulse energy,

~ω is the excitation energy and Aexc is the area of the excitation spot. The assumption

is that the absorption of the NC is non-saturable at the pump wavelength and that the

probability of creating an exciton independent of the number of excitons already present

inside the NC.
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The absorption cross-section at 400 nm was estimated using the method detailed by

Park et al[154] using the core and shell dimensions of our NCs and gives a value of ∼
4 ×10−18 m2. The spot size (diameter) is also measured using the technique outlined

in 4.6 and was ∼ 10.5 (± 1.4) µm. The transmission at 400 nm for mirrors consisting

of 10 pairs of alternating layers is ∼ 0.97 and is calculated using the transfer matrix

method. Figure 5.4c compares the curve for 〈Nth〉 calculated using equation 5.3 to the

one measured experimentally.

The error in the values calculated using equation 5.3 originate from the error in the

measured lasing threshold pulse energies as well as the uncertainly in the measured

spot size (using method shown in section 4.6). However, as will become clear in section

5.2.3 the measured spot size is likely very much bigger than the actual spot size due

to the scattering of the photons from the CQD solution. This uncertainly in the Aexc

value was not taken into account when calculating the analytical values, as it cannot be

known by how much is the actual spot size is smaller than the measured value from this

experiment. This reason for this is because the analytically calculated values in figure

5.4c (red) greatly exceeds the experimental values, even when using the measured spot

size of 10.5 µm. This indicates that perhaps the excitation laser spot is not perfectly

mode-matched to the TEM00 mode (meaning a lot of the laser pump energy is lost in

exciting the tranverse modes). If the excitation laser spot was perfectly mode matched

to the TEM00 mode then we would expect the analytically calculated values of 〈Nth〉
using the measured spot size of 10.5 µm to be smaller than the ones measured by using

the saturation method due to the fact that the actual spot size is expected to be smaller

than 10.5 µm. Note, however, that such mode mismatch should not influence value

of 〈Nth〉 at threshold measured using the saturation method. Nonetheless, this points

towards further experiments with the possibility of attaining even lower lasing thresholds

by optimising the alignment such that the excitation laser is better mode matched to

the TEM00 mode, and these will be described in section 5.2.3.

Another physical quantity that can be extracted from the power dependence curve is

the differential gain, η, which is just the slope of the curve above threshold. Figure 5.5a

shows the power dependence curves for four different spectral positions, plotted on a

linear-linear scale, and where the evolution of the slope can be clearly seen. By plotting

the same curves on a log-log scale as shown in figure 5.5b, the differences in the thresholds

can also be seen and correlate well with the slopes (lower slopes for higher thresholds).

In order to measure the differential gain the integrated intensity of the cavity mode

(Isp) is initially normalised with the intensity at saturation (Psp) to give the normalised

intensity, χ. The differential gain is then extracted using a linear least squares fit to the

graph of χ vs 〈N〉 above the lasing threshold i.e. (η = dχ
d〈N〉)as seen in figure 5.5c ( shown

for λ = 638.4 nm). A plot of η as a function of spectral positon in figure 5.5d shows a
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Figure 5.4: Calculating the average exciton number. a) Calibration of the pumping
power with 〈N〉 for the TEM00 mode at 622 nm. b) A plot of experimentally measured
values 〈Nth〉 as a function of wavelength for the TEM00 mode on top of the ensemble
PL curve. c) A comparison of the 〈Nth〉 measured experimentally and those calculated

using equation 5.3, for the TEM00 mode.

maximum in the differential gain corresponding to a spectral position where the lasing

threshold is at its minimum. This provides further confirmation that the lasing process

is indeed the most efficient at this spectral position. Moreover, the significant decrease

of the differential gain at wavelengths larger than 654 nm and shorter than 622 nm also

provides evidence as to why no lasing was observed beyond these spectral ranges.

5.2.3 Further Experiments to Improve Lasing Threshold

As was seen in the previous section a mismatch between the experimentally measured

values of 〈Nth〉 and those calculated analytically suggests that there could be a mode mis-

match between the TEM00 mode and the excitation laser. Thus, lower lasing thresholds

can potentially be obtained by improving this alignment. As a result, further experi-

ments were conducted to see if lower lasing thresholds were possible to achieve. On this

occasion in order to ensure that the excitation laser spot is perfectly mode matched to

the TEM00 mode the laser spot was manually scanned on top the hemispherical cavity

by moving the cavity relative to the excitation spot using the XYZ translation stage,
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Figure 5.5: Differential gain. a) Different power dependence curves plotted on a
linear-linear scale. b) Different power dependence curves plotted on a log-log scale. c)
A linear least squares fit to extract the differential gain for the TEM00 mode at 638.4
nm. d) A plot of the lasing threshold and differential gain for the TEM00 mode along

with the ensemble PL spectrum.

as shown in figure 4.6. The lasing threshold of the TEM00 mode was then measured

at several spatial positions (say at the spectral position at which is minimum lasing

threshold is expected i.e. ∼ 640 nm). Thus, the optimal mode matching condition is

obtained when the lowest lasing threshold for the TEM00 mode is measured.

On this occasion, however, the second batch of the material, SAIT-2, was utilized as the

first batch were used up. Figure 5.6a shows the lasing threshold as a function of spectral

position along with the differential gain for the TEM00 mode both on top of the ensemble

PL curve. The full PL (with a FWHM of 33 nm) and the absorbance curves are shown

in figure 5.6b. As can be seen, there is a minimum in the lasing threshold of ∼ 7.5 (±
0.2) pJ per pulse at ∼ 632 nm, which is red-shifted by about 9 nm with respect to the

PL curve and coincides with the maximum in the differential gain at the same spectral

position. This is consistent with what was observed using the SAIT-1 sample in section

5.2.2, however, the threshold minimum has blue shifted by ∼ 6 nm with respect to the

SAIT-1 sample. This difference is perhaps a result of a slightly different core and shell

thickness of the SAIT-2 compared to SAIT-1. However, the minimum lasing threshold

is more than an order of magnitude lower than measured for the SAIT-1 sample.
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Figure 5.6c shows a graph of 〈Nth〉 measured using the saturation curve as a function of

wavelength (black squares). At the position of the lasing minimum (632 nm) 〈Nth〉 takes

a values of ∼ 1.4. This value is very close to what was obtained for the SAIT-1 sample

at its minimum (1.5). It will be seen in section 5.3 that the lasing threshold depends

strongly on the concentration of NCs. Therefore, if the lower lasing thresholds obtained

for the SAIT-2 was simply due to a difference concentration then we should also expect

the 〈Nth〉 values to be different for the SAIT-1 and SAIT-2. Thus, we can confirm that

the lower lasing thresholds are a result of the fact that the excitation laser spot is better

mode matched to the TEM00 mode and not due to the difference in the concentrations.

As before the measured 〈Nth〉 can be compared to those calculated using equation 5.3,

which are shown in 5.6c (red circles). However, in order to get a good agreement the

measured spot size which had the diameter ∼ 10 (± 1) µm had to be reduced by a factor

∼ 1.5 to a value of 6.5 (± 0.7) µm (propagation of error is used here to calculate the

erro in the reduced spot size). This mismatch can be attributed to the scattering of

the photons from the NCs which increases the observed spot size. However, it is also

important to note that since the actual spot size (the spot size without the influence of

scattering) has not been measured directly, there will inevitably an error introduced in

this value which cannot be accounted for in this experiment.

In order to show the reproducibility of the gain profile shown in 5.6a the gain spec-

troscopy experiment was repeated a further two times on different cavities, but with the

same RoC (25 µm) and on the same sample. Thus, it is expected that the concentration

and the excitation spot size will remained unchanged. Figure 5.7a shows the results of

gain spectroscopy for further two cavities, cavities two and three (green and red, respec-

tively) along with the first cavity (which we will call cavity one and is the same as in

5.6a). It can be seen all of the cavities show very similar threshold behaviour with a

common minimum at around 632 nm. No lasing was observed for any of cavities for the

spectral range greater than 647 nm and less than 618 nm. It can also be seen that in

all of the cavities very similar lasing threshold are obtained giving further confirmation

that the excitation laser is indeed optimally mode matched to the TEM00 mode.

However, as can also be seen the data points produce a lot of scatter. Therefore, in

order to rule out the possibility that scattered data points are not produced due to

photo-bleaching or charging an experiment was conducted where the lasing threshold

was measured repeatedly at a particular spectral position. This is shown in figure 5.7b,

where the lasing threshold was measured eight times consecutively at 632 nm in the case

of cavity two. The threshold values are found to be fairly consistent providing evidence

that there is no photo-bleaching or charging after each measurement. The jumps in the

thresholds, for example, at number 5, which also reflect the scattered data in figure 5.7a,

is then mostly likely due to some misalignment introduced into the system resulting from
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Figure 5.6: Gain spectroscopy with lower lasing thresholds. a) A plot of lasing
threshold and differential gain as a function of wavelength, along with the normalised
PL spectrum. b) The full normalised ensemble PL and the absorbance spectrum. c) A
comparison of the experimentally measured values of 〈Nth〉 (squares) to the analytically

calculated values (circles) on top on the ensemble PL spectrum.

the constant adjustment (manual) of the cavity length using the piezo to account for

mechanical drift.

By taking the spot size of 6.5 (± 0.7) µm converts to a minimum measured lasing

threshold intensity of ∼ 23 (± 5) µJ cm-2 at 632 nm (cavity one for which the lowest

lasing threshold was measured). The error in the threshold comes from the error in the

measure threshold (± 0.2 pJ per pulse) as well as the error in the spot diameter (±
0.7 nm). However, it is important to note that there is also a source of error due to

the uncetainly in the measured spot size due to scatterring, which could not be taken

account in this calculation.

The measured threshold is 100-200 times smaller than those previously reported in type

I systems[159, 163] and lower than those reported for lasing in the single exciton regime

(∼ 60 µJ cm-2)[113]. The low lasing threshold measured here is, in fact, comparable to
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ASE threshold of 30 µJ cm-2 as demonstrated by Guzelturk et al [95] (with a comparable

pump pulse width of 120 fs) using CdSe/CdS NCs with a smooth confining barrier to

reduce the Auger recombination rate, and also comparable to lasing threshold of 13.5

µJ/cm2 from CdSe/ZnS NCs reported by McLellan et al [101] from a DFB laser. The

lasing in the latter paper was, however, achieved with a 5 ns pump pulse width, and this

was made possible by the use of alloyed core-shell CdSe/ZnS NCs to mitigate the effects

of multiexcitonic Auger recombination (see section 2.6) and also by integrating a layer

on top of the NC film made from polyvinyl alcohol (PVA) for better mode confinement.

We attribute such low lasing thresholds in our experiments to the high absorption cross-

section at the excitation (400 nm) due to the thick CdS shell, the high gain cross-sections

due to their size and/or the high NC packing densities achieved inside of our cavities.

Figure 5.7: Reproducibility experiments. Threshold as a function of wavelength for
three different cavities, along with the normalised PL spectrum. b) Eight consecutive

threshold measurements at the 632 nm for cavity two.

5.2.4 Tunable Lasing

As seen in the previous section the threshold and the differential gain can be measured

at any wavelength within the spectral range over which lasing is observed by tuning the

cavity length. This sort of cavity architecture therefore also provides a very convenient

way to tune the laser emission in-situ, with a tuning range and fine control limited only

by the resolution of the actuator. Figure 5.8 shows the tuning of the TEM00 lasing

mode from 619-651 nm, a range of 32 nm for which lasing was observed using the SAIT-

1 sample. Note that between 619 and 644 nm we are able to select a pump power at

which lasing occurs predominantly in the TEM00 mode (red). For the spectra in which

the TEM00 is dominant, percentages are given for the fractional peak intensity of the

second strongest mode (TEMm+ n = 1). When the TEM00 mode is tuned to wavelengths

longer than 648 nm, higher transverse modes become dominant. This occurs because

the minimum threshold of the transverse and the fundamental cavity modes spectrally
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overlap at ∼ 641 nm as was shown in section 5.2.2. This means as the TEM00 mode

moves away from the lasing minimum towards the red side it will be replaced by the next

mode on the left (TEMm+ n = 1). Since now the lasing threshold of this TEMm+ n = 1 will

be lower than the TEM00 mode it will begin to lase before the TEM00 and eventually

dominate the spectrum. This allows the transverse modes to dominate the spectra

for when the TEM00 mode is placed at spectral position beyond the 641 nm for any

particular pumping power.

Figure 5.8: Tunable laser emission using the NCs. The percentage on the right shows
the fractional peak intensity of the next dominant mode (TEM m + n = 1 ) compared to
the peak intensity of the TEM00 for the spectra where the TEM00 is dominant (red).

The normalised PL spectrum is also plotted for comparison.

5.3 Theoretical Analysis of the Gain Spectroscopy Results

In this section a theoretical model is derived to describe the results of gain spectroscopy.

A rate equation model is initially proposed, but which is shown to have limitations

resulting from the inhomogeneous broadening of the NCs. As a result, an analytically

model is then proposed, which accurately describes lasing behaviour of the NCs.
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5.3.1 Rate Equation Model

Here we present a set of semi-classical coupled differential rate equations that can be used

to model the lasing behaviour of the NCs. As mentioned previously, we assume that the

band-edge state for CdSe is two-fold degenerate. In this case, the rate equations describe

the transitions between the ground state (S0), the first excited state (S1 i.e. a single

exciton) and the second excited states (S1 i.e. a biexciton), as shown in figure 5.9, and

also govern the total number of photons (φ) contained in the cavity. These states have

the total population with the cavity of N0, N1 and N2, respectively. Note that from here

on the state S2 includes all the NCs that contain more than one exciton because in a two-

fold degenerate emitting state the contribution to the band-edge emission from a given

NC containing more than two excitons is the same as for a NC contain a biexciton. The

total number of NCs within the cavity is then given by Ntot = Nconc×Vc = N0 +N1 +N2

where Vc is the physical mode volume calculated using the physical cavity length Lc

(see equation 3.22) and Nconc is the NC concentration. Then, following the treatment

detailed in section 3.7 the rate equations governing the NC populations for narrow-band

radiation are given by:

Figure 5.9: NC transitions. Schematic of the different transitions involved in the NC
lasing process.

dN0

dt
= −P (t)−

re-absorption of laser photons from S0 to S1︷ ︸︸ ︷
vgΓσabs,01

Vc
φN0 +

stimulated emission from S1 to S0︷ ︸︸ ︷
vgΓσstm,10

Vc
φN1

+

spontaneous emission from S1︷ ︸︸ ︷
N1(Fp

eff + 1)

τrad
(5.4)
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dN1

dt
= P (t) +

re-absorption of laser photons from S0 to S1︷ ︸︸ ︷
vgΓσabs,01

Vc
φN0 −

stimulated emission from S1 to S0︷ ︸︸ ︷
vgΓσstm,10

Vc
φN1

−

spontaneous emission from S1︷ ︸︸ ︷
N1(Fp

eff + 1)

τrad
+

N2

τaug,bi︸ ︷︷ ︸
Auger decay from S2

+

stimulated emission from S2 to S1︷ ︸︸ ︷
vgΓσstm,21

Vc
φN2

−
vgΓσabs,12

Vc
φN1︸ ︷︷ ︸

re-absorption of laser photons from S1 to S2

+

spontaneous emission from S2︷ ︸︸ ︷
4N2(Fp

eff + 1)

τrad

(5.5)

dN2

dt
= P (t)−

spontaneous emission from S2︷ ︸︸ ︷
4N2(Fp

eff + 1)

τrad
− N2

τaug,bi︸ ︷︷ ︸
Auger decay from S2

−

stimulated emission from S2 to S1︷ ︸︸ ︷
vgΓσstm,21

Vc
φN2 +

vgΓσabs,12

Vc
φN1︸ ︷︷ ︸

re-absorption of laser photons from S1 to S2

(5.6)

dφ

dt
=

spontaneous emission from S2︷ ︸︸ ︷
4N2(Fp

eff + 1)Γβ

τrad
+

N1(Fp
eff + 1)Γβ

τrad︸ ︷︷ ︸
spontaneous emission from S1

+

stimulated emission from S2 to S1︷ ︸︸ ︷
vgΓσstm,21

Vc
φN2

+
vgΓσstm,10

Vc
φN0︸ ︷︷ ︸

stimulated emission from S1 to S0

−
︷ ︸︸ ︷
vgΓσabs,12

Vc
φN1

re-absorption of laser photons from S1 to S2

−
vgΓσabs,01

Vc
φN0︸ ︷︷ ︸

re-absorption of laser photons from S0 to S1

−

cavity decay rate︷︸︸︷
φ

τcav

(5.7)

where τaug,bi is the biexciton Auger lifetimes, σabs,01 and σabs,12 are the absorption cross-

sections of the states N0 and N1, respectively, at the emission wavelength. Similarly

σstm,10 and σstm,21 are the stimulated emission cross-sections of the states N1 and N2,

respectively, at the emission wavelength. Here we have defined β using the effective

Purcell factor Fp
eff . This is because we assume that the homogenous linewidth of a

single NCs is much bigger than intrinsic cavity linewidth at room temperature and also
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that all the NCs at a specific wavelength are perfectly at resonance with the cavity mode

(η(λ) = 1). We have assumed the carriers behave as free as opposed to bound excitons,

which is true in the case of NCs where the confinement energy dominates and hence the

radiative rate for the biexciton is set four times faster than the single exciton.

Equations 5.4 - 5.7 concern NCs resonant at a single emission wavelength. For particular

set of NCs used in this experiment the ensemble FWHM is ∼ 33 nm whereas the single

NC FWHM is ∼ 14 nm[146] at room temperature, indicating that the NC PL spectrum

is inhomogeneously broadened. This means that the number of NCs in the ensemble

change as a function of the spectral position and this can be difficult to incorporate into

the above rate equations. Furthermore, for a cavity mode at any given spectral position

there will be contribution to the absorbance from NCs that have their emission energy

that is not resonant with the cavity mode because of the extended tail of the absorbance

resulting from higher-order transitions. This is also very difficult to account for into

the above equations. Therefore, incorporating such spectral dependence of the PL and

absorbance into the rate equations such that they reproduce the observed variation in

the NC threshold as a function of wavelength becomes difficult. It is for this reason

an analytical model was derived which is an approximation to the dynamical system

described above and will be now described in the following section.

5.3.2 Analytical Approach

We start by calculating the total number of photons spontaneously emitted into the

cavity mode, Nspt, after a pulsed excitation:

Nspt = Ncav (1− P (0))β = Ncav

(
1− e−〈N〉

) Fp
eff

Fp
eff + 1

(5.8)

where Ncav = ALcNconc is the total number of NCs coupled to the mode. Nconc is the

concentration of the NCs, Lc is the physical cavity length, and A =
πω2

0
4 is the area of

the mode at the planar mirror for which ω0 is the mode waist. Thus, the physical mode

volume (Vc) is defined by A × Lc. Furthermore, Fp
eff is the effective Purcell factor

and we assume that all the NCs coupled the cavity mode are perfectly at resonance

(η(λ) = 1). In equation 5.8 we have assumed that the NCs that contain more than

one exciton are able to emit only a single photon due to the competing Auger process

which quenches emission from multiexcitons. In other words, the NCs containing more

than a single exciton contribute equally to the ones that contain a single exciton. The

probability of a NC containing at least one exciton is given by 1−P (0), where P (0) is the

Poissonian probability that there are zero excitons per NC. This is then multiplied by
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the factor β which takes into account the fraction of the photons emitted into a desired

cavity mode.

The number of photons spontaneously emitted into the cavity mode within the gain

lifetime, Nspg, is then given by:

Nspg = Ncav

(
1− e−〈N〉

) Fp
eff

Fp
eff + 1

τg
τrad

(
Fp

eff + 1
)

= Ncav

(
1− e−〈N〉

)
Fp

eff τg
τrad

(5.9)

where τg and τrad are the gain and the radiative lifetimes, respectively. Now we assume

that the stimulated emission cross-section inside the cavity, σstcav, is time-dependent

with the decay time governed by the gain lifetime:

σstcav(t) = σst0cave
− t
τg (5.10)

where σst0cav is the cross-section at time t = 0. Since the photons take τg to be emitted

into the mode the average stimulated emission cross-section of the NCs the photons

encounter is:

σstcav(τg) = σst0cave
−1 (5.11)

The number of photons that they stimulate into the mode is therefore:

Nvst = Nspgσst0e
−1Ncav

A
2F = N2

cav

(
1− e−〈N〉

)
Fp

eff τg
τrad

σst0cave
−1 2F

A
(5.12)

where the area A as defined previously is introduced here for normalisation and F is the

finesse. The factor two comes because the finesse is equal to the number of round trips

and the photons travel the length of the cavity twice per round trip. Note here than

we have assumed the fact that the spontaneously emitted photons (Nspg) can stimulate

emission from all of the NCs coupled to the cavity mode i.e.Ncav. In reality, however, we

should replace Ncav with Ncav(1− P (0)), which gives the total number of NCs coupled

to the cavity mode that contain at least one exciton, and which are therefore able to

undergo stimulated emission. However, we choose not to do this here as this will make

the mathematically easier to arrive at an equation for the threshold, as will be seen later.

Since the value of 1 - P(0) is close to unity, especially for 〈N〉 ≥ 2, which is close to

minimum average exciton number we measure in our system at threshold, making such

an approximation it is not expected to have a significant effect on the final result.
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The lasing threshold is then defined when the total number of spontaneously emitter

photons equals to those emitted by stimulated emission (Nspg = Nvst):

Ncav

(
1− e−〈N〉

) Fp
eff

Fp
eff + 1

= N2
cav

(
1− e−〈N〉

)
Fp

eff τg
τrad

σst0e
−1 2F

A

=⇒ 1

Fp
eff + 1

= Ncav
τg
τrad

σst0e
−1 2F

A

(5.13)

Furthermore, the cavity enhanced stimulated emission cross-section, σstcav, can be re-

lated to the free space stimulated emission cross-section, σstfree, as follows. As with

the radiative rate the cross-section inside the cavity will be enhanced by the ratio of

the optical DOS inside the cavity to free space in one dimension (Purcell factor). For

a single cavity mode the DOS per unit energy is described by a normalised Lorentzian

function, which at peak of the cavity mode gives the following:

DOScav =
2

π∆E
(5.14)

where ∆E is the linewidth of the cavity mode. The DOS per unit length, DOScavuni ,

is then given by dividing equation 5.14 by the cavity length:

DOScavuni =
2

π∆EL
=

2Q

πEL
=

2Q

π~ckL
(5.15)

where we have utilized the fact that the Q-factor is given by E
∆E where E is the energy at

resonance of the cavity mode and also the relation E = ~ck. In free space the separation

between the k-states is given by π
L then the DOS in k-space is simply L

π . Then using the

relation E = ~ck → dE = ~cdk the DOS in per unit energy per unit length is given by:

DOSfreeuni =
1

π~c
(5.16)

Finally, taking the ratio of the cavity and the free space DOS gives:

DOScavuni
DOSfreeuni

=
2Q

kL
=

2

π

Qλ

2L
=

2

π

Q

q
=

2

π
F (5.17)

where q is the mode number. We can now relate the free space stimulated emission cross-

section to the cavity enchanced cross-section as σstcav = 2
πFσstfree. Thus, equation 5.13

becomes:
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1

Fp
eff + 1

= NconcLc
τg
τrad

σstfreee
−1 4

π
F 2 (5.18)

where we have used Ncav = ALcNconc. The gain relaxation time, τg, can be related

to the Auger lifetime using the “cascade” idea. If one were to assume that the Auger

lifetimes were independent of 〈N〉 , then we have:

τg = (〈N〉 − 1) τaug,bi (5.19)

where τaug,bi is the biexciton Auger lifetime. The idea here is that the gain lifetime

is prolonged as the number of carriers increase. This is because in an event of Auger

recombination of one of the pairs of carriers they will be rapidly replaced by the ones

that are higher up in energy. This effectively then prolongs amount of time at least a

biexciton remains inside a NC, which is required to achieve lasing, and thus extends the

gain lifetime. However, we also know that the Auger lifetime decreases with the number

of carriers present[9], so a better relationship might be:

τg =
√
〈N〉 − 1τaug,bi (5.20)

Furthermore, we can relate the excitation energy in energy per pulse, Ep, to 〈N〉 via

equation 5.3 and arrive at the analytical threshold equation:

Ep =
~ωAexc
Tσ400nm

( 2.7πτrad

4τaug,bi(Fp
eff + 1)NconcLcσstfreeF 2

)2

+ 1

 (5.21)

where we have approximated e ∼ 2.7. In order to reproduce the measured gain profile we

normalised the PL and the absorbance (at the first absorbance peak) and subtract the

absorbance from the PL (PL - ABS). This is shown in figure 5.10 and gives the fraction

of the photons are emitted into the cavity mode or when this factor is multiplied with

σstfree can be thought of as the “net” stimulated emission cross-section for the NC

ensemble.

We then arrive at the equation for the threshold:

Ep =
~ωAexc
Tσ400nm

( 2.7πτrad

4τaug,bi(Fp
eff + 1)NconcLcσstfree(PL−ABS)F 2

)2

+ 1

 (5.22)
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Figure 5.10: Net stimulated emission cross-section. The procedure for calculating
the “net” stimulated emission cross-section by subtracting the normalised absorbance

(normalized at the first absorbance peak) from the normalised PL.

However, the above method has a limitation as the “net” stimulated emission goes to

zero at the point where the normalised PL and absorbance cross (at around 620 nm in

figure 5.10), which off course is not true in reality. Therefore, in order to circumvent the

problem we introduce two additional parameters, A and B, in equation 5.22 to arrive

at the final threshold equation:

Ep =
~ωAexc
Tσ400nm

( 2.7πτrad

4τaug,bi(Fp
eff + 1)NconcLcσstfree(A ∗ PL−B ∗ABS)F 2

)2

+ 1


(5.23)

The idea is to change the A and B parameters between zero and unity in equation 5.23 to

get a good fit to the experimental data, as will be seen later. Also notice that there is no

inclusion of the QY of the NCs in the equation 5.22, which for the NCs (for both SAIT-1

and 2) was measured to be ∼ 60 %. To justify this we can argue that for moderately

well passivated (7 ML shell) NCs like the ones used in this experiment the dominant

contribution to the non-radiative processes comes from the Auger process (as opposed

to carrier trapping at surface states) and this process has already been incorporated in

to the threshold equation. Table 5.1 gives the values of all the physical quantities used

in equation 5.22 for the experiment described in section 5.2.3 for the SAIT-2 samples

for which the optimal alignment was achieved.

The ensemble radiative lifetime is measured using method described in section 4.2.1.

The TRPL spectrum is shown in figure 5.11a. The spectrum is well described with a

tri-exponential of the form:
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y(t) = y0 +A1e
− t−t0

t1 +A2e
t−t0
t2 +A3e

t−t0
t3 (5.24)

here y0 is the background count, A1, A2 and A3 are amplitude of the respective com-

ponents and t0 are the time offsets form the zero. The lifetime with the strongest

component was τ2 = 35.7 ns with A2 = 25216 and can be attributed to emission from

single excitons. The other two components had lifetimes of τ1 = 13.2 and τ3 = 86.4

with amplitudes A1 = 3990 and A3 = 757 . These components are mostly likely related

to the charging of the NCs and since they are only 15.8% (A1) and 3% (A3) of the

single exciton lifetime component they will not contribute significantly to the radiative

emission of the NCs.

The Auger lifetime was measured using pump-probe spectroscopy outlined in section

4.2.3. Figure 5.11b shows the plots of the normalised differential transmission ( dT
Tgrd

)

as a function of the delay between the pump (400 nm excitation) and the probe with

progressively higher pumping powers. The probe wavelength was set to 610 nm, which

is at the first peak of the absorbance curve and therefore probes the band-edge state.

As can be seen, as the pumping power is increased an initial fast component develops

on top of the much slower component at lower pumping powers. Since the samples were

stirred during the measurement to avoid the formation of trions the rise of the initial

faster component can safely be attributed the Auger decay of biexcitons. The longer

component, which forms the background, is then due to the radiative decay of single

excitons. The Auger lifetime was extracted by initially fitting a single exponential to

the curve with the lowest pumping power (orange) to extract the longer lifetime. Then

by fitting a bi-exponential to the curve with the highest pumping power (black) and

fixing one of the lifetimes to that measured previously a biexciton lifetime of 189 ps was

extracted.

The concentration is measured using the method outlined in section 4.6 and was 4.8 ×
1023 m-3, giving a packing density of ∼ 21 % by volume. The NCs are assumed to be in

the bad-emitter regime and following the paper by Ziyun et al[146] the effective Q-factor

was set to 45, giving Fp
eff equal to 0.02. To calculate the latter the refractive index of

n = 1.7 was used and was calculated using the following equation:

n = neffVNC,frac + noctVoct,frac (5.25)

where neff = VCdSe
Vtot

nCdSe + VCdS
Vtot

nCdS is the effective refractive index of CdSe/CdS for

which VCdSe/CdS and nCdSe/CdS are the volumes and the refractive indices ( for ∼ 600-

640 nm)[164] of the core and the shell, respectively. VNC,frac/oct,frac are the fractional
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volumes of the NCs and Octadecane contained in the solution and noct is the Octadecane

refractive index at the lasing wavelength.

The finesse is re-absorption limited and is taken as a mean value averaged over all

spectral positions for which the lasing threshold was measured. These parameters are

summarised in table 5.1. However, the value of the free space stimulated cross-section

for CdSe was uncertain. Therefore, this parameter was varied until the theoretical fit

was consistent with the experimental data. This is shown in figure 5.12a (grey lines),

where the cross-section is varied from a value of 3 × 10-20 m2 to 8 × 10-20 m2. A best

fit to the data is found for a value of 4.3 × 10-20 m2. This is a factor of 22 times bigger

than the value of 2× 10-21 m2 quoted for core-only CdSe by Klimov et al [82]. However,

the radius of the CdSe NCs in the quoted paper[82] is almost twice as small (1.3 nm)

as the core radius of NCs use in this experiment (2.1 nm) and that without taking into

account the additional layer due to the shell. Thus, we are able to justify the large value

of the cross-section to the bigger physical size of the NCs we use in this experiment. This

argument is consistent with Schafer et al[165] where lasing from spherical liquid micro-

droplets formed from a solution of core-shell CdSe/ZnS NCs was observed at packing

densities 33 times lower than that predicted by condition given by equation 2.2 using the

stimulated emission cross-section quoted by Klimov et al [82]. In order to satisfy this

condition Schafer et al[165] et al predicted that the stimulated emission must increase

by at least 23 times due to the larger size of the NCs used in the experiment (core radius

2.6 nm).

Furthermore, there will also be some degree of error in the concentration of the NCs from

the measured value of 4.8 × 1023 m-3 and also the Purcell factor. Since both the free

space stimulated emission cross-section and the concentration are products in equation

5.22 varying the concentration (for all other parameters fixed) will have the same effects

as for the stimulated emission cross-section, which the best fit value given by 4.2 × 10-20

m-3. Varying the Purcell factor, however, will have a insignificant effect on the curve

since the its value is small in the first place and the factor Fp
eff + 1 is equation 5.22.

However, it can be seen from figure 5.12a that the theoretical threshold fit diverges very

rapidly at it approaches the blue side (less than 622 nm) whereas the experimental values

do not. This is because we have set the A and B parameters in equation 5.23 equal to

unity and thus the PL and the absorbance values are equal in magnitude at 620 nm,

meaning that the PL−ABS term approaches zero in equation 5.23 at around 620 nm,

making the threshold value infinite at this point (i.e. implying zero “net” stimulated

emission at 620 nm). Therefore, it was found that by setting A = 0.92 and B = 0.72, a

better fit to the experimental data can be obtained for the case where σstfree = 4.3 ×
10-20, as seen in figure 5.12b.
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Excitation spot area, Aexc 3.3 × 10-11 m2

Transmission, T 0.97
Absorption-crossection, σ400nm 4 × 10-18 m2

Radiative lifetime, τrad 35.7 ns
Biexciton Auger lifetime, τaug,bi 189 ps

Effective Purcell factor, Fp
eff 0.02

Concentration, Nconc 4.8 × 1023 m-3

Cavity Length, Lc 1.2 µm
Free space stimulated emission cross-section, σstfree 4.3 × 10-20 m2

Finesse, F 197
Refractive index, n 1.7

Table 5.1: Summary of the parameters used in the NC rate equation model.

Figure 5.11: NC radiative and Auger lifetimes. a) An ensemble time resolved pho-
toluminescence spectrum for SAIT-2, with counts plotted logarithmically. b) Time
transients of NCs at various pumping powers. The sample was excited at 400 nm. The

probe wavelength was at 610 nm.

It was mentioned previously that the gain profile of the NCs is governed by the compe-

tition between stimulated emission and absorption as well the by the biexciton binding

energy. The derivation of the threshold equation in section 5.3.2 does not include any

Coulomb interactions between the excitons yet we still get a good fit to the experimental

data. Thus, we argue that in our system the governing process that determines the gain

profile is the interplay between the stimulated emission and the re-absorption of the

photons and the biexciton binding energies play a negligible role.

5.4 Conclusion

The results of gain spectroscopy of solution based CdSe/CdS spherical NCs has been

presented. The open access design of the cavity provides a convenient method for the

direct investigation of the lasing behaviour of NCs enabled via in-situ tuning of the

cavity feedback wavelength.
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Figure 5.12: Theoretical fits to the experimental thresholds for different cavities (with
the same RoC). A) Fits in the case where the A and B parameters are set to unity. B)

Fits in the case where the A = 0.92 and B = 0.72.

The lasing process was found to be the most efficient (lowest lasing thresholds) at a

spectral positon which is red-shift with respect to the ensemble PL curve. Moreover,

the average exciton number at the minimum lasing threshold was measured to be∼ 1.4,

indicating a biexciton lasing mechanism consistent with type-I structures. Comparison

of the magnitude and the trend in the Q-factor as function of wavelength between an

empty and for a cavity filled with NCs revealed that the Q-factors of the latter were in

fact re-absorption limited. Thus, any influence from the changes in the reflectivity of the

mirrors as the mode moves across the stop-band on the results of the gain spectroscopy

was ruled out. A consequence of this is that lasing thresholds cannot be improved by

the using a cavity of higher reflectivity as the re-absorption of the lasing photons by the

NCs is the dominant loss mechanism inside the cavity. Furthermore, the NC solution

within the cavity experience no change in temperature or stress during tuning and so

the changes in lasing performance can be attributed unambiguously to the change in

feedback wavelength. A rate equation model was proposed to describe the result of the

gain spectroscopy, but was found to have limitation due to the size polydispersity of the

NCs. Therefore, an alternative model was proposed which was an analytic approxima-

tion to the dynamical system. By comparing the results of the gain spectroscopy to the

analytical model it was found that the factor governing the shape of the gain profile was

the interplay between the stimulated emission and self-absorption of the lasing photons.

From a technological standpoint, the results demonstrate a new approach to widely

tunable single mode lasers for chip-scale and low power applications. The capability to

change the feedback wavelength enabled tunable laser emission from the fundamental

cavity mode for a total range ∼ 32 nm and single mode lasing for a range of ∼ 25 nm.

Furthermore, a threshold intensity of ∼ 23 µJ cm-2 was measured, which is 100-200

times smaller than those previously reported in type I systems[159, 163] and lower than

those reported for lasing in the single exciton regime (∼ 60 µJ cm-2)[113]. This could
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be the result of the high absorption cross-section at the excitation wavelength due the

thick (7 ML) CdS shell, a high packing density (21%) and/or a high gain cross-section

due to the large physical size of the NCs.





Chapter 6

Gain Spectroscopy of CdSe/CdS

Nanoplatelets

6.1 Introduction

This section presents the results of gain spectroscopy of solution based CdSe/CdSe

core-shell spherical NPs using tunable open access microcavities. The quantum well

geometry offers several advantages compared to the spherical NCs in terms of optical

gain performance. This includes suppressed Auger rates as a result of one dimensional

quantization[16], which imposes a stricter momentum conservation rule for the process,

and higher gain cross-sections due to the large exciton binding energies and the Giant

oscillator strength (GOST) effect[18, 99]. Furthermore, they also offer a higher gain

coefficients due to multiple excitons of the same emission energy occupying single NPs

as well as high absorptions coefficients due to their larger physical size.

Just like in the case of NCs the lasing threshold and differential gain are measured

as a function of the cavity length. Tunable and single mode lasing is demonstrated

and the stability of the laser (how long lasing can be sustained) is investigated, which

ultimately depends on the quality of the NPs (the degree of passivation, number of

defects etc.). A rate equation model is proposed to simulate the NP lasing dynamics

and which accurately describes the results of the gain spectroscopy.

6.2 Nanoplatelet Lasing Experiments

This section describes the lasing experiments using CdSe/CdS core-shell NPs, which

were provided by our collaborators at the Italian Institute of Technology (IIT). The

95
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nominal core NP dimensions are ∼ 44 × 8 × 1.35 (nm). The core is encapsulated with

a CdS shell of thickness ∼ 0.7 nm (2 ML), giving the total core-shell dimensions of ∼
45.4 × 9.4 × 2.75 (nm), as shown in figure 6.1. They are coated with oleic acid ligands.

As with NCs, the NP sample was prepared using the method outlined in section 4.3.

The experimental set-up is described in section 4.4 and in all the lasing experiments the

focus was on the lasing behaviour of the fundamental cavity mode (TEM00).

All the experiments were conducted using cavities with mirrors consisting of 20 pairs

of alternating SiO2/TiO2 and with nominal RoC = 25 µm. This is in contrast with

the NCs where mirrors consisting of only 10 pairs were used. Here the idea was to

increase the finesse of the cavity to achieve lower lasing thresholds. However, this was

before realisation that finesse in our system is governed by the re-absorption of the lasing

photons and not the cavity reflectivity (see figure 5.3). Since this also expected to apply

in the case of NPs the results of gain spectroscopy are expected to be independent of

the intrinsic cavity finesse.

Figure 6.1: Schematic showing the full (core and shell) dimensions of the NPs (note
ligands are not included for clarity).

6.2.1 Power Dependence Measurements

Power dependence measurements were conducted using the PicoQuant P-C-450B diode

laser with the pulse width of less than 100 ps (minimum 68 ps) capable of delivering 125

pJ per pulse. The repetition rate was set to 5 MHz, which prevented the photo-bleaching

of the NPs.

Figure 6.2a shows the emission spectra below (blue) threshold with the TEM00 (with

mode number q) located at 684 nm. Multimode laser emission is visible as the pumping

power is increased (green) where lasing from up to the TEMm+ n = 3 transverse mode

can be clearly seen. Figure 6.2b shows the integrated intensity as a function of pumping

power on a log-log scale for the same TEM00 mode located at 660 nm (blue) and at 684

(red), tuned into position by changing the cavity length. The graphs display lasing with

the threshold of 9 pJ (660 nm) and 23 pJ (684 nm). However, the characteristic kinks

in the power dependence curves are not accompanied by a notable collapse in the mode
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linewidth as would be expected in the lasing regime. The reason for this anomaly is

not certain, although one possibility that the spectrometer slits may not be adequately

closed, meaning that the resolution of the modes is compromised.

Therefore, in order to confirm that we are in the lasing regime the spectra for the

TEM00 mode located at 660 nm are compared below and above threshold. To do this

the TEM00 mode is normalised in both cases and the spectra are plotted on top to

each other as shown in figure 6.2c. It can be clearly seen that in comparison to the

spectrum below threshold, in the above threshold transverse mode intensity is greatly

reduced in comparison to the TEM00 mode. This indicates a highly non-linear increase

in the intensity of the TEM00 mode which is expected in the lasing regime. In order to

accurately determined the lasing threshold a linear least squares fit is made to the power

dependence curve on a log-log scale, both above and below the threshold as shown in

figure 6.2b. The lasing threshold is then the value at which the two lines intersect. It can

also be seen that the onset of lasing is accompanied by a blue-shift of the modes by ∼ 1

nm. This shift is perhaps result of the carrier-induced refractive index change within the

NPs. More importantly, the blue-shift was found to be reversible with pumping power

and was not accompanied by the decrease in the emission intensity of the lasing mode

(as can be seen from figure 6.2b, ruling out photo-bleaching of the NPs. An important

remark to make here is that lasing in NPs could be achieved with picosecond excitation

source.

It should be noted in some of the cavities fabrication imperfections break the rotational

symmetry of the hemispherical mirrors making them slightly elliptical i.e the mirrors

have a slightly different RoC along the two principle axes. As a result the two-fold

polarisation degeneracy of modes is lifted causing a splitting of the modes[166]. This

is seen clearly in an example spectra in figure 6.2d (top) in the case of TEM00 mode

(and also in transverse modes) and was the case with the cavity use in the NP lasing

experiment. Thus, by using a circular polariser one of the polarisation components (the

one that is not preferentially selected for lasing) for the TEM00 was eliminated, as seen

in figure 6.2d (bottom). This then gives us the ability to produce single mode lasing

without the interference form the other polarisation component, as will be shown later

in the chapter.

6.2.2 Gain Spectroscopy

The lasing threshold of the cavity modes as a function of their wavelength can be ex-

tracted by tuning the cavity length. Figure 6.3a displays the lasing threshold as a

function of spectral position for the TEM00 for a range of ∼ 42 nm. The full ensemble
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Figure 6.2: NP lasing. (a) Spectra below and above threshold at pump energies of
0.60Pth and 1.24Pth (450 nm excitation), respectively, and where Pth is the threshold
energy per pulse. Multi-mode laser emission (from TEMm+ n = 0 to TEMm+ n = 3) can
be seen above threshold. b) Threshold behaviour from the fundamental cavity mode
at two different spectral positions (660 nm and 684 nm), along with the linewidths. c)
Normalised spectra below (0.51Pth, black) and above (1.35Pth, red) threshold showing
a non-linear increasing in the emission intensity of the TEMm+ n = 0 mode due to
stimulated emission. d) Spectra with (top) and without (bottom) using a circular

polariser to block one of the polarisation components for the TEMm+ n = 0 mode.

PL and absorbance spectra are shown in figure 6.3b. As seen there is a minimum lasing

threshold at ∼ 664.9 nm with the value of 8.84 (± 3) pJ per pulse and which is red-

shifted by 25 nm with respect to the ensemble PL peak position. The position of the

lasing minimum coincides with a maximum in the differential gain, ζ = dI
dEex

, indicating

a spectral position were the lasing process is the most efficient.

The differential gain is extracted simply by performing a linear least square fit of the

power dependence curve above threshold on a linear-linear scale. This is in contrast to

the NCs where the integrated intensity was initially normalised and was then plotted as

a function of the average exciton number and the differential gain then extracted. The
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reason for this can be found by comparing power dependence curve of the NCs in figure

6.3c (same as in figure 5.4a in chapter 5) to the one for NPs in figure 6.3d for the TEM00

located at 660 nm. For the NCs clear saturation behaviour is observed below threshold

which is the result of the multiexcitonic Auger process. This is in contrast to the NPs

where the integrated intensity increases linearly until the onset of lasing. This strongly

suggests that, unlike NCs, there is efficient emission from multiexcitons (assuming that

for NCs lasing occurs from multiexcitons) indicating a marked suppression of the Auger

process. However, for this reason a calibration of the energy axis in terms 〈Nth〉 was not

possible.

Figure 6.3: NP gain spectroscopy. (a) A plot of the lasing threshold and differential
gain as a function of spectral position for the TEM00 mode along with the ensemble PL
spectrum. b) Extended ground state absorbance (normalised at the first absorbance
peak) and the normalised PL spectrum. c) Evolution of the integrated emission inten-
sity for the NCs below threshold. d) Evolution of the integrated emission intensity for

the NPs below threshold.

6.2.3 Tunable Lasing and Laser Stability Measurements

Tunable laser emission from the NPs was demonstrated by changing the cavity length.

Figure 6.4 shows emission spectra above threshold with the cavity modes tuned by as

much as 47 nm. Between 636-674 nm we were able select the pumping power at which

lasing occurs predominantly in the TEM00 mode (highlighted in red). For these spectra
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the percentages show fraction of the peak intensity of the TEMm+ n = 1 mode compared

to the TEM00 mode. As with the NCs, once the TEM00 goes past the positon of the

lasing minimum (664.9 nm) the transverse modes begin to dominate as their lasing

minimum is also expected to be at the same spectral position. This places a limit for

which single mode lasing is achieved at higher wavelengths.

Figure 6.4: Tunable laser emission using the NPs. Tunable laser emission is demon-
strated by changing the cavity length. The percentage on the right shows the fractional
peak intensity of the next dominant mode (TEM m + n = 1 ) compared to the peak inten-
sity of the TEM00 for the spectra where the TEM00 is dominant (red). The normalised

PL spectrum is also plotted for comparison.

We further investigated the period of time lasing can be sustained by monitoring the

intensity of the TEM00 as a function of time. Figure 6.5a shows a plot of the integrated

intensity of the TEM00 mode located at 662.5 nm as a function of time above threshold

(pump power of 5Pth at 450 nm with the repetition rate of 5 MHz). The integrated

intensity of the mode remains stable for almost ∼ 354 seconds (∼ 6 mins or almost 1.8
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× 109 consecutive laser pulses) before gradually decreasing until it reaches below 20 % of

the initial value (∼ 6000), at which point the data acquisition was stopped. The decrease

in the emission intensity can be caused by charging and/or photo-bleaching of the NPs.

Further insight can be obtained by looking at figure 6.5b which displays a 2-D plot of

intensity of the mode as a function of time. It can be seen that there is no spectral

drift of the cavity mode even after the point in time when the lasing intensity starts

to decrease at around 354 seconds (the mechanical drift in this experiment was found

to be minimal hence there was no need to adjust the cavity length using the actuator).

This indicates that the decrease in the intensity is most likely caused by charging of

the NPs over time, as photo-bleaching is usually accompanied by a blue-shift of the

emission wavelength[156]. Thus, the lasing performance could be improved further by

adding more shells to the NPs, which is known to reduce charging of the cores. Using

a camera (Canon 6d DSLR) the laser emission (multimode) can also be seen with a 30

second exposure. This is shown in figure 6.5b where the image of the laser emission is

located at the spectrometer entrance slit.

Figure 6.5: Laser stability experiment. a) A plot of the integrated emission intensity
of the TEM00 at 662.5 nm as a function of time. b) 2-D plot of the TEM00 as a function
of time. c) Visible laser emission (in the multimode regime) located at the spectrometer

slit (30 second exposer).
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6.3 Rate Equation Model

In this section a rate equation model is proposed in order to reproduce the lasing be-

haviour of the NPs presented in section 6.2.2. In the previous chapter it was highlighted

that using a rate equation model in the case of NCs has its limitation due to the sample

inhomogeneity. However, NPs can be synthesised with the thickness that is controlled

to atomic precision. Since their emission energy is dictated by their thickness (the quan-

tization of energy levels is only in this dimension) spectral broadening due to sample

inhomogeneity can be greatly reduced such that their ensemble emission linewidth can

be equal to the single NP linewidth within the ensemble at room temperature[167]. In

the same way the ensemble absorption spectra can be treated as if it was due to a single

NP. These features make these variables (PL and absorption) a lot easier to be integrated

into the rate equation model.

Following the rate equation treatment described in section 3.7, we describe our NP

ensemble system by two sets of coupled differential equations governing the total number

excitons (Nexc) and photons (φ) in the physical cavity mode volume (Vc):

dNexc

dt
= P (t) +

vgΓσabs(λ)φNtot

Vc︸ ︷︷ ︸
re-absorption of laser photons

−

stimulated emission︷ ︸︸ ︷
vgΓσstmφNexc

Vc
− Nexc(Fp

eff + 1)

τrad︸ ︷︷ ︸
spontaneous emission

(6.1)

dφ

dt
=
NexcΓ(Fp

eff + 1)

τrad
β︸ ︷︷ ︸

spontaneous emission

+

stimulated emission︷ ︸︸ ︷
vgΓσstmφNexc

Vc
− vgΓσabs(λ)φNtot

Vc︸ ︷︷ ︸
re-absorption

−

cavity decay︷︸︸︷
φ

τcav
(6.2)

where Ntot is the total number of NPs within the cavity mode volume and σabs is the

absorption cross-section. Note that above we have used the effective Purcell factor Fp
eff

as the single NP linewidth (also equal to the ensemble linewidth) at room temperature

is much larger than the intrinsic cavity linewidth. Furthermore, we have assumed unsat-

urable absorption of the photons at the emission wavelength such that the probability of

a photon absorption event is independent of the number of excitons already inside the

NP. This is consistent with the fact that several excitons of the same emission energy

can occupy a single NP[69, 135]. The temporal profile of the pulsed excitation laser can

be described using a Gaussian function of the form quoted by equation 3.56.
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Moreover, it is assumed that the Auger process is suppressed such that it does not

strongly compete with multiexcitonic radiative emission and is thus not included in the

rate equations. This is consistent with the linear evolution of the emission intensity of

the modes below threshold (figure 6.3). In this case, the QY (which is included in the

pumping term) will be governed by the trapping of the carriers at surface defects.

Finally, the total exciton number can be related to the average exciton number, 〈N〉,
using the relation Nexc/Ntot = 〈N〉 such that equation 6.1 can now be written in terms

of 〈N〉. The latter makes solving the rate equations computationally less intensive.

Equations 6.1 and 6.2 then become:

d〈N〉
dt

=

pumping term︷ ︸︸ ︷
ςTG(t)spat(ω0)

(
1− e−

σ450nmNconcLc
T

)
Ntot

+
vgΓσabs(λ)φ

Vc︸ ︷︷ ︸
re-absorption

−

stimulated emission︷ ︸︸ ︷
Γφ〈N〉Fpeffη(λ)

τrad
− 〈N〉(Fp

effη(λ) + 1)

τrad︸ ︷︷ ︸
spontaneous emission

(6.3)

dφ

dt
=
NexcΓFp

effη(λ)

τrad︸ ︷︷ ︸
spontaneous emission

+

stimulated emission︷ ︸︸ ︷
ΓφNexcFp

effη(λ)

τrad
− vgΓσabs(λ)φNtot

Vc︸ ︷︷ ︸
re-absorption

−

cavity decay︷︸︸︷
φ

τcav
(6.4)

In the above equations we have assumed that excitons are strongly bound at room tem-

perature resulting in a linear dependence of the radiative and stimulated emission terms

with respect to 〈N〉. This is consistent with the fact that the exciton binding energy

in NPs is predicted to be an order of magnitude larger than their thermal energy at

room temperature[18]. If the carriers were treated as free (as in the case of spherical

CQDs where quantum confinement dominates), then the radiative and stimulated emis-

sion terms would scale quadratically with respect to the average exciton number per NP

(i.e. 〈N2〉). Also notice that the effective Purcell factor has been multiplied by η(λ),

which is the same as the normalised ensemble NP PL spectrum. This takes into account

the detuning between the cavity mode and the homogenously broadened NP spectrum

(see section 3.6.2) and forms one of the variables in the rate equations, as illustrated

in figure 6.6a. The other variable is the absorption cross-section, σabs(λ), which is set

by initially taking value at 400 nm from literature and the scaling according to the ab-

sorbance curve to calculate the values at the desired spectral position. However, since
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both the PL and absorbance get smaller as a function of wavelength these values can be

distorted by noise.

For this reason in order to accurately extract the PL it is initially fitted with a pseudo-

Voigt function, which is a linear combination of a Lorentzian and a Gaussian function.

The Lorentzian part comes from the lifetime effects (Fourier transform of an exponential

decay) and the Gaussian part comes from some sort of a broadening mechanism. Since

in NPs there is absence of inhomogeneous broadening, it will be most likely due to

electron-phonon coupling (homogenous broadening):

η(λ) = y0 +A

(
ρ

2

π

wL

4(λ− λc)2 + wL2
+ (1− ρ)

√
4ln2√
πwG

e
− 4ln2(λ−λc)2

wG
2

)
(6.5)

where y0 is the y-offset A is the area, λc is the centre wavelength, wL and wG are the

Lorentzian and the Gaussian FWHM, respectively and ρ and (1 − ρ) are the relative

contributions of the Lorentzian and the Gaussian curves, respectively. Similarly the first

absorbance peak is fitted with a Gaussian function of the form:

η(λ) = y0 +
A

γG
√

2π
e
− (λ−λc)2

2γG
2 (6.6)

where γG = FWHM/2
√

(2ln2) and A is the area. By extracting the parameters the PL

and the absorbance can be accurately reproduced to match the experimental values as

seen in figures 6.6b and 6.6c.

Table 6.1 lists the values all of the parameters used in equations 6.3 and 6.4. The QY

was measured using an integrating sphere (by our collaborators) and the transmission

was calculated using the transfer matrix model (at 450 nm for 20 pairs). The absorption

cross-section was set to ∼ 1.5 × 10-17 m2 at 450 nm, which is consistent with CdSe/CdS

NPs with similar core and shell dimension[16]. The effective Purcell factor was calculated

by first measuring the effective Q-factor (using equation 3.49) and then using 3.50. For

this the refractive index was calculated using equation 5.25. The confinement factor is

calculated by taking the ratio of the physical mode volume and the total mode volume

i.e Γ = VcV
−1, for which V is calculate using the total length L (equation 3.22).

The radiative lifetime was measured using the method detailed in section 4.2.1. The

TRPL spectrum is shown in figure 6.7 and is well described by fitting a tri-exponential

function of the form given by equation 5.24:

The fitting reveals the values of the three lifetime components which are τ1 = 3 ns, τ2 =

18 ns and τ3 = 114 ns with amplitudes A1 = 7386, A2 = 2258 and A3 = 265, respectively.
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Figure 6.6: Extracting the variables. a) Variation of the function η(λ) as a function
of wavelength. b) A plot of the ensemble PL and the pseudo-Voigt model (both nor-
malised). c) A plot to the ensemble absorbance curve and the Gaussian model (both

normalised to measure absorbance at 450 nm).

Figure 6.7: NP radiative lifetime. The ensemble TRPL spectrum of the NPs fitted
to a tri-exponential (log-linear scale).
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These components are a result of different emitting states in the NPs[167, 168], however,

it is then sensible to use the shortest of the lifetime of 3 ns in our equations. This is

because stimulated emission is initially triggered by photons emitted by spontaneous

emission. These spontaneously emitted photons will predominantly be from those NPs

with the shortest lifetime (i.e. 3 ns). Since the process of stimulated emission occurs

very quickly, it is expected that those NPs with emission lifetimes longer than 3 ns will

subsequently undergo stimulated emission, instead of emitting photons by spontaneous

emission.

The cavity decay time can be calculated by measuring the cavity Q-factor (Qcav) and

using the equation[120]:

τcav =
Qcavλ

2πc
(6.7)

Qcav will be governed by the self-absorption and scattering of the lasing photons. How-

ever, as was seen in section 5.2.2 the Qcav in our system is dominated by the self-

absorption, of the lasing photons, but which is already included in equations 6.3 and

6.4. Hence, τcav in our equations then should only depend on the scattering of the pho-

tons, which is difficult to experimentally measure. Furthermore, the concentration of

the NPs inside the cavity could not be experimentally measured (the method proposed

in section 4.6 was only realised after this experiment). Therefore, the cavity decay time

and concentration are the two free parameters in our theory. We initially start with

setting the cavity decay time value equal to the intrinsic (empty cavity) value. This can

done by measuring the Q-factor on the empty cavity which was ∼ 180000 (measurements

performed by Aurelien Trichet within the group) for the cavity length of 5.8 µm and so

we calculate the intrinsic τcav ∼ 61 ps (λ taken to be 640 nm).

These parameters and others (as described in section 3.7) are summarised in table 6.1.

Furthermore, by varying the values of η(λ) and σabs(λ) in equations 6.3 and 6.4 the

threshold can be extracted as a function of spectral position. It was found that whilst

the theoretical threshold values at longer wavelengths (values beyond the wavelength of

664.9 nm) were sensitive to both the cavity decay time (for example, see figure 6.8c)

and the concentration of the NPs, the values below 664.9 nm were only dependent on

the concentration, although not significantly. This is because in equation 6.4 the spon-

taneous, stimulated and re-absorption terms at shorter wavelengths will dominate over

the cavity decay term (due to the larger η(λ) and σabs(λ) values at these wavelengths).

Thus, the here idea was to change the concentration of the NPs until a good match is

found with the measured threshold value at the shortest wavelength (636.7 nm), where
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the cavity decay time has little influence. Once this is achieved the cavity decay time can

then be adjusted (from the intrinsic value) to get a good match to the overall dataset.

By varying the concentration over a range 0.2-20 × 1021 m-3 it was found that the

theoretical threshold attained a minimum value of ∼ 52 pJ at (636.7 nm) at around 2 ×
1021 m-3, as shown in figure 6.8a (note the refractive index does not vary considerably

over this range). The reason for this could be as follows. Below the concentration of

2 × 1021 m-3 the cavity decay term in equation 6.4 will start dominate over all the

other terms (in particular the spontaneous and stimulated emission terms), due to the

lower Ntot value, which therefore increases the threshold. At higher concentrations

the pumping term in equation 6.3 is be lower (more NPs in the mode volume means

〈N〉 will be lower for the same number of photons entering the system). Since the

stimulated and spontaneous emission both contain 〈N〉, these terms will decrease in

comparison to the re-absorption term (which in independent of 〈N〉) and causing the

threshold to rise again. A plot of threshold vs concentration for the three different

concentrations, and at three different wavelengths is also shown in figure 6.8b (log-log

scale). These wavelength are at 636.7 nm and 683.9 nm, which are the lowest and the

highest wavelengths, respectively, for which the threshold was measured and at 664.9

nm, where the lasing minimum was measured. It can be seen clearly that whilst at

636.7 nm a minimum in the lasing threshold (52 pJ) exists at the concentration of 2

× 1021 m-3 for the reason explained above, the thresholds at 664.9 nm and 683.9 nm

show a monotonic decrease with concentration. The reason for this is that an increase

the in concentration also increases 〈N〉 in equation 6.4, allowing the spontaneous and

stimulated emission terms to dominate over the cavity decay term (here the absorption

cross-section is lower than below 665 nm).

However, as can be seen the theoretical threshold values are well above the measured

value of ∼ 31.2 pJ (636.7 nm) for all concentrations. For this reason, the spot-size

was reduced from a measured value of 3.5 µm to 2.35 µm until the theoretical value

matched the experimental value, for a fixed concentration of 2 × 1021 m-3 (where the

minimum threshold exists). This can be justified by the fact that measured spot size

will be scattering limited, and thus the real spot size will lower that the measured value.

Using this reduced spot size, figure 6.8c compares the full the set of experimental and

the theoretical values.

Scattering, however, is also expected to decrease the value of τcav from the intrinsic value

of 61 ps. To find the lower limit of this the concentration was initially increased to the

point where the theoretical threshold value at shortest wavelength (636.7 nm), matched

the highest possible measured value (within error), as can be seen in figure 6.8d (red

circles). It can be seen that whilst the thresholds at lower wavelengths increase (for



Chapter 6. Gain Spectroscopy of CdSe/CdS Nanoplatelets 108

the reasons mentioned previously), the thresholds at longer wavelengths decrease. The

reason for this could be because at longer wavelengths the cavity decay term begins to

dominate and so the increase in the concentration favours the spontaneous and stimu-

lated emission terms and, thus, decreases the threshold. However, in this case a better

fit (within error) can be made by decreasing the value of τcav from 61 ps (intrinsic) to

26 ps (blue circles), providing a lower limit for this value. The mismatch between the

experimental and theoretical values in some data points (e.g. at 674 nm) is most likely

attributed to some degree of misalignment between the cavity and the excitation laser.

QY, ς 21%
Transmission, T 0.94
Absorption cross-section, σ450nm 1.5 × 10-17 m2

Radiative lifetime, τrad 3 ns

Purcell factor, Fp
eff 5.7 × 10-3

Confinement factor, Γ 0.7
Refractive index, n 1.4
Temporal FWHM, Lt 68 ps
Mode volume, V c 6.2 × 10-18 m3

Spot size (FWHM), Lspa 2.35 µm

Table 6.1: Summary of the parameters used in the NP rate equation model.

By using the value of the spot size of 2.35 µm, we calculate a minimum lasing thresh-

old intensity of ∼ 204 µJ/cm2 at 664.9 nm (threshold of 8.84 pJ per pulse). This is

comparable to the lasing thresholds observed in films of NPs with similar core and shell

thicknesses[169]. The average initial exciton number at threshold, 〈Nth〉, for the NPs

can be calculated using the following equation[135]:

〈Nth〉 =

(
Ith
~ω

)
σ450nm

1 + Ith
Isat

(6.8)

where Ith and Isat are the threshold and saturation intensities, respectively and ~ω is the

energy of the excitation photons (450 nm). Taking Isat = 90 µJ/cm2 [135] then 〈Nth〉
∼ 21 at Ith = ∼ 204 µJ/cm2. This value perhaps should not be too surprising since

many excitons of the same emission energy can occupy a single NP and so population

inversion would require many excitons to be present inside a NP. On the other hand,

the threshold intensity (and thus 〈Nth〉) can also be strongly influenced by the QY and

the concentration/packing density of the NPs. The QY was measured to be only 21%

and can be as a result of two different factors. Whilst the Auger rate is expected to

be very low, the thin 2 ML shell may simply does not provide adequate passivation for

the carrier so trapping at the surface states may be very high. The other could be due

to the efficient collinear stacking (clustering) typically observed for the NPs in solution
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Figure 6.8: Theoretical fits to experimental data for NPs. a) Power dependence plots
(log-log scale) for various NP concentrations at 636.7 nm with a spot diameter of 3.5
µm. b) A plot of threshold vs concentration for three different concentrations (0.2, 2
and 20 × 1021 m-3) and at three different wavelengths (636.7 nm, 664.9 nm and 683.9
nm) on a log-log scale. The spot size of 3.5 µm was used. c) A plot of experimentally
measured threshold values and theoretical values for a spot diameter of 2.35 µm and a
concentration of 2 × 1021 m-3. d) A plot of experimentally measured threshold values
and theoretical values with the same spot size as in b) but with a concentration of 4.1

× 1021 m-3 and with two different cavity decay times.

induced via strong long range van der Waals forces between the NP surfaces[170–172].

Formation of such stacks have been shown to significantly decrease the QY through

Förster resonance energy transfer (FRET)[171], in which the exciton energy hops non-

radiatively from one NP to another within the stack. Such migration allows trapping

of the excitons by non-emissive NPs within the stack which then undergo non-radiative

recombination, decreasing the QY.

Another consequence of stacking could be to reduce packing density of the NPs within

the cavity. The rate equations suggests a maximum packing density of only ∼ 0.5% (for

a concentration of 4.1 × 1021 m-3). Whilst the initial NP concentration may be high,

the stacking of the NPs can collect them in certain region of the solution. When a cavity

is formed around the solution and the cavity length decreased it could push away large

clusters of the NPs from the cavity mode volume, thus decreasing their concentration.
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6.4 Conclusion

The results of gain spectroscopy using solution based CdSe/CdS NPs was presented. The

lasing threshold and the differential gain were measured as a function of the spectral

position for a range spanning ∼ 42 nm. The lasing threshold was found to have a

minimum red-shifted by ∼ 25 nm with respect to the ensemble PL peak position. This

spectral position also coincided with a maximum in the differential gain indicating a

spectral position where the lasing process is the most efficient. Tunable laser emission

from the fundamental cavity mode was demonstrated over a range of ∼ 42 nm with

single mode laser emission for a range of over 37 nm. In addition, it was found that laser

emission from the NPs can be sustained at a constant intensity for almost 6 minutes

before deteriorating, which was attributed to charging of the NP cores. A rate equation

model was proposed to describe the results of the gain spectroscopy. From this modelling,

like in the case of NCs, it was found that the governing process that determines the

shape of the gain profile is the competition between the stimulated emission and the

self-absorption of the lasing photons.

The minimum lasing intensity was measured to be ∼ 204 µJ/cm2, giving an average

exciton number of ∼ 21 per NP. Although this is comparable to the lasing thresholds

observed in films of NPs with similar core and shell thicknesses[169], it can be signifi-

cantly influenced by the QY and the packing density (concentration) of the NPs. The

QY was measured to be only 21% and this value low QY could be as a result of the thin

CdS shell (2 ML) such that carrier trapping efficiency increases significantly. Addition-

ally, NPs have been observed to stack in columns which can significantly reduce their

QY due to FRET[170–172]. The rate equation model also suggests a packing density

on NPs in our cavities of ∼ 0.5%. This could be as a result of the clusters of NPs being

pushed away from the cavity when the cavity length is decreased.

Thus, the lasing NP lasing threshold may be significantly improved by increasing the

QY and the packing density of the NPs. One way the QY can be improved is to increase

the shell thickness to provide better passivation. Another is to prevent the stacking of

the NPs in solution, which as well as significantly improving the QY will also aid in

maintaining a high NPs concertation within the cavity. One way this can be done is

to coat the NPs with a carboxylic acid-terminated polystyrene[172] which prevents the

clustering of the NPs by inducing longer-range repulsion forces.
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Conclusion and Future Work

7.1 Conclusion

This thesis describes the result of gain spectroscopy of CQDs using an open access

cavity. By using such a cavity the lasing threshold as a function of the cavity length was

extracted over a spectral range dictated by the CQD ensemble PL spectrum. The in-

situ tuning method does not modify the CQDs and so the observed lasing behaviour was

attributed unambiguously to the change in the feedback wavelength alone. Two different

type of CQDs were investigated: NCs and NPs. In both cases, lasing was obtained from

a highly concentrated solution of CQDs immersed in a non-volatile solvent (octadecane).

This produced a solution with reduced scattering, but more importantly, produced the

required packing density to overcome the multiexcitonic Auger process, especially in the

case of NCs.

Chapter 5 presented the results of gain spectroscopy of CdSe/CdS NCs. The minimum

lasing threshold was found to be red-shifted with respect to the ensemble PL peak and

also the first absorbance peak. At the position of this minimum the average exciton

number was measured to around ∼ 1.4, which is consistent with the biexction lasing

mechanism expected in CdSe/CdSe NCs (quasi-type I system). The minimum lasing

threshold was measured to be ∼ 23 (± 5) µJ cm-2, which was almost two order of mag-

nitude smaller than those reported for other type-I systems[159, 163] and even lower

than those reported for lasing in single exciton regime[113]. The low lasing threshold

measured here is, in fact, comparable to ASE threshold of 30 µJ cm-2 as demosntarted

by Guzelturk et al [95] (with a comparable pump pulse width of 120 fs) using CdSe/CdS

NCs with a smooth confining barrier to reduce the Auger recombination rate, and also

comparable to lasing threshold of 13.5 µJ/cm2 from CdSe/ZnS NCs reported by McLel-

lan et al [101] from a DFB laser. The lasing in the latter paper was, however, achieved

111
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with a 5 ns pump pulse width, and this was made possible by the use of alloyed core-shell

CdSe/ZnS NCs to mitigate the effects of multiexcitonic Auger recombination and also

by integrating a layer on top of the NC film made from polyvinyl alcohol (PVA) for

better mode confinement. The low threshold in our experiment was attributed to the

high packing density of the CQDs (21 %) and also the large absorption cross-section

due to the thick 7 ML CdS shell. Furthermore, single mode lasing (from the fundamen-

tal cavity mode) was demonstrated for a range of ∼ 25 nm. An important realisation

made was that the Q-factor of the modes were limited by the self-absorption of the

lasing photons not by the mirror reflectivity. In this regard, using cavities with higher

reflectivities will not improve on the measured lasing thresholds, and any influence on

the lasing behaviour as a result of the change in the cavity reflectivity across the stop-

band was, thus, also ruled out. Finally, an analytical theory was presented to describe

the results of gain spectroscopy, and from this was concluded that governing process

that determined the measured lasing profile was the interplay between the stimulated

emission and self-absorption of the lasing photons.

Chapter 6 presented the results of gain spectroscopy using CdSe/CdS core-shell NPs.

Compared to NCs the NPs are expected to have reduced Auger rates as well as large

gain and absorption cross-sections, thus should help in reducing the lasing thresholds.

Similar to the NCs, a minimum lasing threshold was found to be red-shifted respect to the

ensemble PL peak and the first absorbance peak. Moreover, tunable single mode laser

emission was demonstrated for a range of over 37 nm. It was also found that the lasing

mode maintained a stable intensity for ∼ 354 seconds (∼ 6 mins or almost 1.8 × 109

consecutive laser pulses), before photo-charging began to quench the emission. A rate

equation model was used to describe the results of gain spectroscopy, and like in the case

of NCs, it was found that lasing behaviour was primarily governed by the competition

between stimulated emission and self-absorption. The minimum lasing threshold was

measured to be ∼ 204 µJ/cm2, with an average exciton number ∼ 21 per NP. Although

the threshold value is comparable to those reported for similar NPs[169] it is almost an

order or magnitude larger than for NCs. This was unexpected, as the lasing process

should be more efficient in NPs for the reasons mentioned above. One reason for this

could be that the QY was measured to be only 21% (as opposed to ∼ 60 % for NCs),

mostly likely due the thin CdS shell (2 ML), thus increasing the carrier trapping rate.

In addition, due to the tendency of the NPs to cluster FRET can occur, which will also

reduce the QY further. Moreover, the maximum packing density extracted from rate the

equation analysis was only 0.5%, which is around 40 times lower than the NCs (21%).

This could be as a result of the clusters of NPs being pushed away from the cavity when

the cavity length is decreased, and thus reducing the NPs concentration inside the cavity

compared to the original solution.
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7.2 Future work

The work in this thesis has shown that the lasing thresholds are primarily governed by

the competition between stimulated emission and self-absorption of the lasing photons.

However, the theory in the case of both NCs and NPs suggests that the lasing thresholds

are strongly influenced by the concentration. The next step therefore would be to

perform a systematic study of the dependence of the lasing thresholds as a function of

the concentration. A higher concentrations, however, an additional factor that must be

considered is the inter-dot energy transfer (FRET) between CQDs of different sizes can

occur (or in the case of NPs between NPs of the same size within a cluster), which is also

expected to have a strong influence on the lasing behaviour. Furthermore, achieving high

Purcell factors can benefit the lasing process in two different ways. Firstly, it will increase

the rate of spontaneous and stimulated emission in order to overcome the multiexciton

Auger process. Secondly, a higher Purcell factor can also increase the β factor, meaning

that a greater fraction of the emitted photons enter the desired cavity mode, lowering the

lasing threshold. However, due to large homogenous linewidths (at room temperature)

the Purcell factors for CQDs were found to be very small. One solution to this would be

to lower the temperature of the CQDs to decrease their linewidth, however, this would

pose a major hindrance to the commercial realisation of lasing devices using CQDs as

gain media. Thus, another solution would be to use a small mode volume cavity i.e.

with a lower RoC than already used in the experiments (25 µm) to increase the Purcell

factor. In addition, a smaller RoC will also have a larger FSR, which means less modes

are accommodated within the stop-band of the cavity and this would help in producing

lasing in the single mode regime (i.e with less transverse modes than a compared to

cavity of the same length but with a bigger RoC).

The work done here can be expanded to study the effects of the exciton-exciton in-

teraction energies on the lasing behaviour of the CQDs. For example, by physically

modifying the size of the core and shell CdSe/CdS NCs and thus the distribution of the

carrier wavefunctions, Gollner et al[162] showed that the exciton-exciton interaction can

be altered significantly. By conducting ASE experiments on such structures the peak

of the ASE can be shifted above, at or below the energy of the single exciton emission

depending on the interaction energy, as shown in 7.1. Such behaviour can be corre-

lated with the gain spectroscopy results to provide further information role of Coulomb

interactions in the lasing process.

Furthermore, core-shell CQDs soft confining potentials have been known to modifying

the electronic DOS and extend the Auger lifetimes[94], and will reduce the lasing thresh-

olds compared to CQDs with an abrupt heterointerface likes the ones used in this thesis.

Another strategy would be to use type-II core-shell structures, such as CdTe/CdSe or
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Figure 7.1: ASE from biexciton (xx) in CdSe/CdS films NCs with a positive (a) and
a negative (c) biexciton binding energy (Ebind). In b) Ebind is almost negligible. The
ASE spectra are overlaid on top of the PL emission produced by single excitons (x) and
also the normalised absorbance curves (grey dashed lined). Reproduced from ref [162]

with permission.

ZnTe/ZnSe, where the exciton-exciton interactions can exceed the ensemble emission

linewidth enabling lasing in the lasing exciton regime to occur[38]. In such structures,

however, a decrease in the oscillator strength is expected due to the reduction the elec-

tron and hole wavefunction overlap, and greater packing density may be required to

compensate for this, and where FRET may become large enough significant role in the

lasing process.
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Hänsch, and Jakob Reichel. A fiber Fabry-Perot cavity with high finesse. New

Journal of Physics, 12(6):065038, 2010.

[145] William T Silfvast. Laser fundamentals. Cambridge University Press, 2004.

[146] Ziyun Di, Helene V Jones, Philip R Dolan, Simon M Fairclough, Matthew B Win-

cott, Johnny Fill, Gareth M Hughes, and Jason M Smith. Controlling the emission

from semiconductor quantum dots using ultra-small tunable optical microcavities.

New Journal of Physics, 14(10):103048, 2012.

[147] Hanno Kaupp, Christian Deutsch, Huan-Cheng Chang, Jakob Reichel, Theodor W
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