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Abstract 

 

Nanocrystals have been at the forefront of technological developments in photonics thanks 

to their unique optoelectronic properties. In this thesis, different types of luminescent 

semiconductor nanocrystals have been studied, improved, and implemented towards novel 

applications. The topics of research discussed are: (i) II-V colloidal quantum dots as the 

building blocks of novel lasers via self-assembly from the bottom up (the fabrication and 

study of these are in fact the main focus of the thesis), and (ii) a perovskite quantum dot-

based structure as a robust colour-converter of LEDs.  

(i) II-VI alloyed core-shell CdxS1-xSe/ZnS quantum dots are nanosized colloids (dispersed in 

solution) with excellent optical properties in the visible spectrum. These Cd-based colloidal 

quantum dots represent the most mature colloidal quantum dot technology and their use as 

light emitters and laser gain material is being intensely pursued. To date, colloidal quantum 

dot (and related nanocrystal) lasers have been made from the top down with the quantum 

dots deposited into an optical resonator fabricated separately. Departing from this standard 

approach and fully capitalizing on the solution processability of colloids, this work uses 

quantum dots as nanobricks to create supracrystal/supraparticle microspheres that 

self-assemble from a bottom-up approach. These supraparticles act simultaneously as the 

gain material and the optical microcavity. In addition to that they are capable of laser 

emission under optical excitation. Using red-emitting CdxS1-xSe/ZnS quantum dots, laser 

oscillation between the 625 and the 655 nm is obtained from single quantum dot spheres 

with diameters of 5.6 ± 3.2 µm and energy threshold of 4.7 ± 2.1 nJ for a 532 nm pump source 

with a beam spot size of approximately 6 µm in diameter. 

The possibility of making hetero-supraparticles by selecting and self-assembling together 

quantum dots with different emission and absorption spectra is also demonstrated. When 

carefully selected, these combinations can enhance the quality factor of the sphere. As an 

example, microspheres of red quantum dots and green quantum dots had an increase in the 

quality factor from 135 ± 19 to 340 ± 60, when compared to red quantum dot 

microspheres of the same size (6.0 ± 0.5 µm in diameter). Microspheres with quantum dots 

of red and higher band gap species also maintain similar laser threshold energies to their red 

quantum dot microsphere counterparts. In the example mentioned above, both 
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microspheres reached laser threshold at 12 – 14 mJ.cm-2, for a beam spot size of 

2.88×10-7  cm2. In addition to that, microspheres with higher bandgap quantum dots in their 

composition have also reported laser for cavities of sizes 3 – 4 times bigger, further 

suggesting that the increase in the quality factor and decrease in self-absorption is promoted 

by the addition of higher bandgap quantum dots. 

Synthesis of microspheres with different bandgap quantum dots also allow for simultaneous 

multicolor lasing in a single sphere. Stable dual laser emission of yellow (575 nm) and red 

(630 nm) is shown in a microsphere of 6.0 ± 0.5 µm in diameter, for energy thresholds 

between 13.3 and 45.6 nJ and for a spot size of approximately 4.85 × 10-7 cm2. 

The integration of supraparticle lasers to other devices is demonstrated via transfer printing. 

This method can move them reliably between substrates, and this was done to successfully 

couple them to waveguides. This demonstration paves the way to more complex designs and 

applications in integrated photonics. 

In addition to quantum dots, the self-assembly procedure was also tested and adapted to 

other types of semiconductor nanocrystals, including nanoplatelets and tetrapods, in a 

collaboration work with Nanyang Technological University (LUMINOUS! group). 

(ii) A different material was studied for colour conversion. Ceasium lead bromide perovskite 

nanocrystals have up to date the fastest luminescent dynamics of all known nanocrystals and 

are therefore appealing for light communication applications. However, they are not stable 

in the presence of heat and humidity. Different coatings using two different polymers (PDMS 

and PMMA) have been studied as a way of protecting and increasing the stability of 

CsPbBr3@Cs4PbBr6 crystals. While PDMS samples were not stable upon immersion in water, 

PMMA composites showed little to no trace of degradation when immersed in water under 

vigorous stirring for up to 72 hours. Bandwidth measurements with PMMA samples have 

given similar results to the current state of the art, showing that PMMA is an effective matrix 

host for CsPbBr3@Cs4PbBr6 against moisture and water. 

 



 

vii 



 

viii 

 

 

Contents 

 

Declaration of Authorship ........................................................................................................ iii 

Frontispiece .............................................................................................................................. iv 

Abstract ..................................................................................................................................... v 

List of Figures ......................................................................................................................... xiv 

List of Tables ...................................................................................................................... xxviii 

List of Publications .............................................................................................................. xxxii 

Abbreviations ..................................................................................................................... xxxiv 

 

I. Introduction 

Chapter 1. Semiconductor Nanocrystals for Lasers and Colour Conversion ........................... 2 

1.1 Background on Nanocrystals ......................................................................................... 2 

1.2 Quantum Dots ................................................................................................................ 5 

1.2.1 Cd-based CQDs ........................................................................................................ 7 

1.2.2 All-inorganic Halide Perovskite QDs........................................................................ 8 

1.3 Motivation .................................................................................................................... 10 

1.4 Thesis Outline ............................................................................................................... 10 

1.5 Fundamentals of CQDs ................................................................................................. 11 

1.5.1 Synthesis ............................................................................................................... 11 

1.5.2 Energy States – Optical transitions ....................................................................... 13 

1.5.3 Optical gain in CQDs .............................................................................................. 17 



Contents  ix 

ix 

1.5.4 Challenges underlying the optical gain in CQDs ................................................... 23 

1.5.5 Optimizing CQDs for optical gain .......................................................................... 24 

1.6 CQDs for laser applications .......................................................................................... 25 

1.6.1 Colloidal nanostructures for lasing ....................................................................... 26 

1.6.2 Requirements for laser emission .......................................................................... 26 

1.6.3 Resonator configurations of CQD lasers ............................................................... 28 

1.6.4 Types of Lasing in CQDs ........................................................................................ 29 

1.7 All-inorganic perovskite NCs for lasing applications .................................................... 31 

1.8 Self-assembly of Nanocrystals ..................................................................................... 32 

1.8.1 Preparation of nanocrystal superlattices .............................................................. 32 

1.8.2 Nanocrystal interactions and thermodynamics .................................................... 34 

1.8.3 Shape of the self-assembled structures ................................................................ 36 

1.9 NC-based colour converter for Visible Light Communications .................................... 36 

1.9.1 Time dynamics of colour conversion .................................................................... 37 

1.9.2 All-inorganic perovskite NCs for VLC ..................................................................... 39 

1.9.3 CQDs for VLC ......................................................................................................... 40 

1.10 Summary .................................................................................................................... 41 

 

II. Results 

Chapter 2. Self-Assembly of Semiconductor Nanocrystals for Lasers ................................... 44 

2.1 Introduction ................................................................................................................. 44 

2.2 Characterization of Quantum Dots .............................................................................. 46 

2.3 Microsphere resonators and Whispering Gallery Modes ............................................ 47 

2.4 Synthesis of Quantum Dot Microspheres .................................................................... 49 

2.5 Experimental Setup ...................................................................................................... 51 

2.6 Q-factor ........................................................................................................................ 52 



Contents  x 

x 

2.7 Optical pumping results ............................................................................................... 54 

2.7.1 Regime Below Laser Threshold ............................................................................. 59 

2.7.2 Regime Above Laser Threshold ............................................................................. 64 

2.8 Conclusion .................................................................................................................... 66 

Chapter 3. Blends of Nanocrystals ......................................................................................... 70 

3.1 Introduction ................................................................................................................. 70 

3.2 Synthesis of Blended Quantum Dot SP Microspheres ................................................. 71 

3.3 Optical Characterization .............................................................................................. 72 

3.3.1 Regime Below Laser Threshold ............................................................................. 72 

3.3.2 Regime Above Laser Threshold ............................................................................. 83 

3.4 Reduction of Self-Absorption in SPs............................................................................. 93 

3.5 Enhancement of the Q-factor ...................................................................................... 95 

3.6 Multicolour Lasers ........................................................................................................ 98 

3.7 Conclusion .................................................................................................................. 101 

Chapter 4. Integration of Nanocrystal Microspheres in Optical Systems ............................ 104 

4.1 Mechanics of Transfer Printing .................................................................................. 104 

4.1.1 Physics of Transfer Printing ................................................................................. 104 

4.1.2 Stamp Fabrication ............................................................................................... 110 

4.1.3 Transfer-Printing of Microspheres ...................................................................... 111 

4.2 Experimental Setup .................................................................................................... 112 

4.3 Optical Coupling of SPs to Waveguides ..................................................................... 114 

4.4 Conclusion .................................................................................................................. 117 

Chapter 5. VLC and Self-Assembly Studies on Exotic Nanocrystals ..................................... 120 

5.1 Self-Assembly Studies using Exotic Nanocrystals ...................................................... 120 

5.1.1 SP Microspheres of doped Quantum Dots ......................................................... 121 

5.1.2 Microspheres of Tetrapods ................................................................................. 124 

5.1.3 Microspheres of Nanoplatelets........................................................................... 126 



Contents  xi 

xi 

5.1.4 Microspheres of Nanoplatelets and QDs ............................................................ 130 

5.1.5 Summary on SP assembly using exotic NCs ........................................................ 131 

5.2 Water Resistant All Inorganic Halide Perovskite Composites for VLC ....................... 131 

5.2.1 Synthesis of Ceasium Lead Bromide Crystals ...................................................... 132 

5.2.2 Preparation of Samples ....................................................................................... 133 

5.2.3 Sample Characterization – Methods ................................................................... 134 

5.2.4 XRD on CsPbBr3@Cs4PbBr6 Crystal Samples ....................................................... 137 

5.2.5 Water Exposure ................................................................................................... 138 

5.2.6 Bandwidth Measurements .................................................................................. 141 

5.2.7 Summary on Water Resistant All Inorganic Halide Perovskite Composites for VLC

 ..................................................................................................................................... 143 

5.3 Conclusion .................................................................................................................. 144 

 

III. Conclusion and Outlook 

Chapter 6. Conclusion and Future Directions ...................................................................... 146 

6.1 Summary of the thesis ............................................................................................... 146 

6.2 Properties of Nanocrystals and Superparticles .......................................................... 149 

6.3 Surface Functionalisation ........................................................................................... 150 

6.4 Manipulation of Supraparticles ................................................................................. 151 

6.5 Supraparticles and Practical Applications .................................................................. 151 

6.6 Summary .................................................................................................................... 152 

Bibliography ......................................................................................................................... 153 

IV. Appendix 

A. SPs and Mode Calculation ............................................................................................... 182 

B. SPs and Emission Model .................................................................................................. 192 

C. Journal Publications ......................................................................................................... 198



 

xii 

 

 



 

xiii 



 

xiv 

 

 

List of Figures 

Figure 1-1. Effect of shape and size on nanomaterials on the charge carrier confinement, 

where the density of states as function of the energy evolves from a square root dependency 

in bulk (3D), to a step-like function in quantum wells (2D), a negative square root dependency 

in quantum rods (1D), and a Dirac-δ function in quantum dots (0D). ..................................... 3 

Figure 1-2. Example of a multicomponent structured NC (QD) and a suprastructure made of 

many of these QDs. The multicomponent structure illustrates an alloyed core-shell QD, such 

as CdSe (iii); CdxZn1-xSe (ii); ZnSe0.5S0.5 (i), and the suprastructure can be fabricated via self-

assembly of many of these QDs. .............................................................................................. 4 

Figure 1-3. Illustration of the size-tuneability in QDs. The smaller the QD is, the wider the 

bandgap of these 0D semiconductors gets. Emission resulting from radiative decay between 

conduction and valence bands can therefore be tuned according to the size of QDs. ........... 6 

Figure 1-4. Schematic band diagrams of examples of different II-VI core/shell QD 

heterostructures: type-I (CdSe/ ZnS), with the electron and hole wavefunctions localised in 

the core of the QD; quasi-type-I (CdSe/CdS) and quasi-type-II (CdTe/CdS), with the electron 

wavefunction delocalised and hole function localised in the core;  and type-II (CdTe/CdSe), 

with the electron wavefuntion localised in the shell and the hole wavefunction localised in 

the core. ................................................................................................................................... 8 

Figure 1-5. Crystalline structure of all-inorganic ceasium lead halide perovskites is 

predominantly face-centered cubic or orthorhombic. The anions on the faces of the cube (Cl, 

Br or I) dictate the emission wavelength of the NC (blue, green and red, respectively). ....... 9 

Figure 1-6. CsPbBr3-in-Cs4PbBr6 crystals: structure inclusion schematic where CsPbBr3 phases 

with up to tenths of nm in size (represented in orange) grow inside the Cs4PbBr6 phase 

represented in blue [47], [48]. ................................................................................................. 9 

Figure 1-7.Example of a typical hot-injection setup using a thermometer (a), a temperature 

regulator system (b), and syringe with anionic organometallic precursors (c) to control the 

synthesis on a 3-necked flask with thermally decomposed organo-metallic cationic 

precursors (d) at the required temperature and magnetic stirring conditions. .................... 12 



List of Figures  xv 

xv 

Figure 1-8. Depiction of the nucleation and growth phases over time, during the hot-injection 

method. .................................................................................................................................. 12 

Figure 1-9. Illustration of typical PL (continuous lines) and absorption spectra (dashed lines) 

of CQDs, according to their different sizes and corresponding wavelength emissions. ....... 14 

Figure 1-10. Picture of green (530 nm), yellow (575 nm) and red (630 nm) CQDs in solution 

taken from the laboratory. These CQDs all have nominally the same size (6 nm) but differ in 

alloy composition in the core. ............................................................................................... 15 

Figure 1-11. Illustration of a typical absorption spectrum of CdSe NCs (left), with the 4 lowest 

interband transitions involving either 1S or1P electron states marked, and of a 6-fold 

degenerate valence band representation (right) with the allowed optical interband 

transitions indicated by arrows. ............................................................................................ 15 

Figure 1-12. Schematics of the fine-structure splitting of the band-edge 1S(e)-1S3/2(h) 

transition in CdSe NCs. ........................................................................................................... 17 

Figure 1-13. Schematic of the main relaxation pathways for carrier states in CQDs: i) 

spontaneous emission of a photon through the recombination of an electron-hole pair; ii) 

stimulated emission of a photon by another photon, through the recombination of an 

electron-hole pair; iii) Auger recombination, where the excess energy from the electron-hole 

recombination is transferred to another charge carrier that is subsequently excited to higher 

energy states; iv) energy dissipation via coupling to phonons; v) multi-exciton generation, 

where the hot-carrier energy is converted into an additional electron–hole pair; vi) ejection 

of a hot charge carrier to the environment of the CQD; vii) trap-assisted electron-hole 

recombination via coupling to phonons. Red wavy arrows depict photons. ........................ 18 

Figure 1-14. The 3 main transition state types in QDs for a 2-fold degeneracy and 2-level 

system (top). Ground state regime can only form excitons when electrons in the valence band 

absorb energies equal or superior to the bandgap. Transparency state regimes include a 

single exciton and can either absorb energy to generate a second exciton or decay and emit 

a photon, assuming that the recombination is radiative. Gain occurs in the presence of 

biexcitons, where their annihilation results into a free exciton and the emission of a photon. 

Red wavy arrows depict photons and yellow boxes represent exciton and biexciton states in 

the transparency and gain regime, respectively. ................................................................... 19 

Figure 1-15. 3-level pumping scheme. ................................................................................... 21 

Figure 1-16. Alloyed CdSe-based CQDs (such as the example on the left) have a reduced 

number of interfacial trap states when compared to their abrupt core-shell counterparts 

(right), which contributes to the decrease of non-radiative AR [90], [91]. ........................... 25 



List of Figures  xvi 

xvi 

Figure 1-17. Different types of NC laser geometries: (a) vertical cavities implemented with 

distributed Bragg reflectors [98], (b) Fabry-Perot cavities [111], (c) distributed feedback 

cavities [114], (d) microring resonators [112], and (e) microsphere cavities where dielectric 

spheres are doped or coated with NCs [116], [117]. ............................................................. 28 

Figure 1-18. Laser cavities based on CdSe CQDs and respective pump fluences at laser 

threshold as a function of the pump pulse duration. The references used in this figure can be 

found on Table 1-1. ................................................................................................................ 29 

Figure 1-19. Preparation of NC superlattices by solvent evaporation using different 

techniques, such as drop casting on a solid substrate (i), evaporating over a polar liquid (ii) or 

evaporating from a tilted vial (iii). ......................................................................................... 33 

Figure 1-20. Preparation of NC superlattices by gravitational sedimentation. This can be used 

in large and dense NCs, which is when gravity predominates over thermal motion. ........... 33 

Figure 1-21. Preparation of NC superlattices by solvent destabilization using different 

techniques, such as non-solvent enrichment (i) and non-solvent diffusion (ii). ................... 33 

Figure 1-22. Sketch of a pair of interacting NCs with neutral (i) and ionic (ii) surface ligands. 

The top illustrations show the NCs sterically stabilized, together with the exclusively repulsive 

pair interaction potential U at interparticle separation distance r for NCs. The bottom 

illustrations demonstrate examples of destabilization by solvent evaporation (i) and solvent 

diffusion (ii), which lead to changes in the pair potential U and consequent aggregation of 

NCs [158], [161]. .................................................................................................................... 34 

Figure 1-23. Principle of time-dependent color conversion, where data encoded through 

modulation of a source is transferred to another wavelength via a color converter [181]. 

Here, a blue LED is schematically shown to be down converted to green emission. ............ 38 

Figure 2-1. Absorbance spectrum of the used commercial NCs. ........................................... 47 

Figure 2-2. PL spectrum of the used commercial NCs. Emission peak is measured at 628.1 nm. 

FWHM is approximately 37.9 nm. ......................................................................................... 47 

Figure 2-3. Ray of light propagation by TIR in a spherical cavity. (left) and angular momentum 

L associated with WGM and its M projection on the polar axis (right). ................................ 48 

Figure 2-4. Illustration of the nucleation process occurring inside the emulsions that lead to 

SPs. ......................................................................................................................................... 50 



List of Figures  xvii 

xvii 

Figure 2-5. Size distribution of SPs: microscope image. ........................................................ 51 

Figure 2-6. Histogram of the radius of SPs in Figure 2-5. Average radius size: 2.8 µm ± 1.7 µm; 

Sample size: 221. .................................................................................................................... 51 

Figure 2-7. Schematic of the µ-PL setup: i) Pump source (532 nm laser); ii) Waveplate; iii) 

Polarized beam splitter; iv) Beam dump; v) set of neutral density filters; vi) mirrors; vii) beam 

expander with attenuator wheel incorporated; viii) setup with a mounted objective lens 

(4×/0.13, Nikon) and a xyz stage where the sample is placed; ix) set of 3 beam splitters and a 

long pass filter (550 nm); x) Spectrometer fiber-coupled to the setup; xi) CCD camera; xii) 

lamp. Green arrows represent the path of the laser from the pump, red arrows represent the 

path of the laser from the SP and yellow arrows represent the light path of the lamp. ...... 52 

Figure 2-8. SEM image of a SP of approximately 14 µm in diameter (a) and its CL (b) and 

Fourier analysis (c). The Q factor estimated from the WGMs was 294 ± 15. ........................ 53 

Figure 2-9. Typical PL spectra shown for a SP with 4.9 ± 0.5 µm in radius at different energy 

pump levels. ........................................................................................................................... 55 

Figure 2-10. Typical transfer function shown for a SP with 4.9 ± 0.5 µm in radius at different 

energy pump levels. Two red curves (dashed and continuous) were added as guides to the 

eye to differentiate the emission below and above laser threshold, respectively. .............. 55 

Figure 2-11. Microscope image of the SP with 4.9 ± 0.5 µm in radius under optical pumping 

below lasing threshold. .......................................................................................................... 56 

Figure 2-12. Microscope image of the SP with 4.9 ± 0.5 µm in radius under optical pumping 

above lasing threshold. .......................................................................................................... 56 

Figure 2-13. Study on the modes of a SP. The mode number 𝑙 (a; b) and resonant frequencies 

(c; d) were calculated by solving the modal equations [201] for TE and TM fields, respectively. 

The numerical experiment uses a SP with the same radius as the one measured 

experimentally (2.45 µm) and a refractive index of 1.7 [204]. These results were then 

compared with the emission spectrum of the experimental measurements (e). Modes 

evaluated in the xy-plane for both TE (f: 𝑛 = 2, 𝑙 = 31, 𝑚 = 20; h: 𝑛 = 3, 𝑙 =27, 𝑚 = 20) and 

TM (f: 𝑛 = 1, 𝑙 = 35, 𝑚 = 20; h: 𝑛 = 2, 𝑙 = 30, 𝑚 = 20) had their periodicity compared to those 

counted experimentally (j). .................................................................................................... 58 

Figure 2-14. Energy threshold as a function of the size of the SP (for red CQDs). More 

information on the spectrum and characteristics of these SPs can be found in Table 2-2 and 

Figure 2-17 to Figure 2-21. The error in the x-axis is given by the measurement error in the 

size of the SP (minimum scale bar of 1 µm in diameter, which corresponds to 0.5 µm in 



List of Figures  xviii 

xviii 

radius). The error in the y-axis is given by the average and standard deviation of the two 

closest data points below and above laser threshold. .......................................................... 59 

Figure 2-15. Fit of Eq. 14 to the Exciton/Biexciton (EBE) and Multiexciton (ME) peaks for SPs 

of different sizes. ................................................................................................................... 62 

Figure 2-16. Study on the free parameters A (a), β (b) and α (c) of SPs in Eq. 14 (and Eq. 16), 

as a function of their radius. The dots correspond to the parameters extracted from the 

experimental data for each of the fifteen SPs. This data was then analyzed by fitting the 

parameters to their most likely trends (expressions and fit results in caption). ................... 63 

Figure 2-17. PL spectra shown for a red SP with 2.0 ± 0.5 µm in radius at different energy 

pump levels. ........................................................................................................................... 65 

Figure 2-18. PL spectra shown for a red SP with 2.4 ± 0.5 µm in radius at different energy 

pump levels. ........................................................................................................................... 65 

Figure 2-19. PL spectra shown for a red SP with 3.0 ± 0.5 µm in radius at different energy 

pump levels. ........................................................................................................................... 65 

Figure 2-20. PL spectra shown for a red SP with 3.2 ± 0.5 µm in radius at different energy 

pump levels. ........................................................................................................................... 65 

Figure 2-21. PL spectra shown for a red SP with 4.9 ± 0.5 µm in radius at different energy 

pump levels. ........................................................................................................................... 65 

Figure 3-1. Study on the below laser threshold characteristics of SPs of different blends. .. 73 

Figure 3-2.Parameter A as a function of the radius of a SP. .................................................. 75 

Figure 3-3. 𝑁 as a function of the radius of a SP. .................................................................. 75 

Figure 3-4. Red -Green blend SPs (75% – 25%): Fit of Eq. 2 to the Exciton/Biexciton (EBE) and 

Multiexciton (ME) peaks for SPs of different sizes. ............................................................... 77 

Figure 3-5. Red -Green blend SPs (50% – 50%): Fit of Eq. 2 to the Exciton/Biexciton (EBE) and 

Multiexciton (ME) peaks for SPs of different sizes. ............................................................... 78 

Figure 3-6. Red -Green blend SPs (25% – 75%): Fit of Eq. 2 to the Exciton/Biexciton (EBE) and 

Multiexciton (ME) peaks for SPs of different sizes. ............................................................... 79 



List of Figures  xix 

xix 

Figure 3-7. Red -Blue blend SPs (75% – 25%): Fit of Eq. 2 to the Exciton/Biexciton (EBE) and 

Multiexciton (ME) peaks for SPs of different sizes. ............................................................... 80 

Figure 3-8. Red -Blue blend SPs (50% – 50%): Fit of Eq. 2 to the Exciton/Biexciton (EBE) and 

Multiexciton (ME) peaks for SPs of different sizes. ............................................................... 81 

Figure 3-9. Red -Blue blend SPs (25% – 75%): Fit of Eq. 2 to the Exciton/Biexciton (EBE) and 

Multiexciton (ME) peaks for SPs of different sizes. ............................................................... 82 

Figure 3-10. PL spectra shown for a Red – Green (75% - 25%) SP with 2.0 ± 0.5 µm in radius 

at different energy pump levels. ............................................................................................ 83 

Figure 3-11. PL spectra shown for a Red – Green (75% - 25%) SP with 2.3 ± 0.5 µm in radius 

at different energy pump levels. ............................................................................................ 83 

Figure 3-12. PL spectra shown for a Red – Green (75% - 25%) SP with 2.7 ± 0.5 µm in radius 

at different energy pump levels. ............................................................................................ 83 

Figure 3-13. PL spectra shown for a Red – Green (75% - 25%) SP with 2.7 ± 0.5 µm in radius 

at different energy pump levels. ............................................................................................ 83 

Figure 3-14. PL spectra shown for a Red – Green (75% - 25%) SP with 2.8 ± 0.5 µm in radius 

at different energy pump levels. ............................................................................................ 84 

Figure 3-15. PL spectra shown for a Red – Green (75% - 25%) SP with 5.7 ± 0.5 µm in radius 

at different energy pump levels. ............................................................................................ 84 

Figure 3-16. PL spectra shown for a Red – Green (75% - 25%) SP with 6.4 ± 0.5 µm in radius 

at different energy pump levels. ............................................................................................ 84 

Figure 3-17. PL spectra shown for a Red – Green (50% - 50%) SP with 9.0 ± 0.5 µm in radius 

at different energy pump levels. ............................................................................................ 85 

Figure 3-18. PL spectra shown for a Red – Green (25% - 75%) SP with 6.0 ± 0.5 µm in radius 

at different energy pump levels. ............................................................................................ 86 

Figure 3-19. PL spectra shown for a Red – Blue (75% - 25%) SP with 2.8 ± 0.5 µm in radius at 

different energy pump levels. ................................................................................................ 87 

Figure 3-20. PL spectra shown for a Red – Blue (75% - 25%) SP with 4.6 ± 0.5 µm in radius at 

different energy pump levels. ................................................................................................ 87 



List of Figures  xx 

xx 

Figure 3-21. PL spectra shown for a Red – Blue (75% - 25%) SP with 8.0 ± 0.5 µm in radius at 

different energy pump levels. ................................................................................................ 87 

Figure 3-22. PL spectra shown for a Red – Blue (75% - 25%) SP with 8.0 ± 0.5 µm in radius at 

different energy pump levels. ................................................................................................ 87 

Figure 3-23. PL spectra shown for a Red – Blue (50% - 50%) SP with 1.5 ± 0.5 µm in radius at 

different energy pump levels. ................................................................................................ 88 

Figure 3-24. PL spectra shown for a Red – Blue (50% - 50%) SP with 3.1 ± 0.5 µm in radius at 

different energy pump levels. ................................................................................................ 88 

Figure 3-25. PL spectra shown for a Red – Blue (50% - 50%) SP with 5.7 ± 0.5 µm in radius at 

different energy pump levels. ................................................................................................ 88 

Figure 3-26. PL spectra shown for a Red – Blue (50% - 50%) SP with 5.9 ± 0.5 µm in radius at 

different energy pump levels. ................................................................................................ 88 

Figure 3-27. PL spectra shown for a Red – Blue (50% - 50%) SP with 7.1 ± 0.5 µm in radius at 

different energy pump levels. ................................................................................................ 88 

Figure 3-28. PL spectra shown for a Red – Blue (25% - 75%) SP with 2.5 ± 0.5 µm in radius at 

different energy pump levels. ................................................................................................ 90 

Figure 3-29. PL spectra shown for a Red – Blue (25% - 75%) SP with 3.3 ± 0.5 µm in radius at 

different energy pump levels. ................................................................................................ 90 

Figure 3-30. PL spectra shown for a Red – Blue (25% - 75%) SP with 3.6 ± 0.5 µm in radius at 

different energy pump levels. ................................................................................................ 90 

Figure 3-31. PL spectra shown for a Red – Blue (25% - 75%) SP with 7.1 ± 0.5 µm in radius at 

different energy pump levels. ................................................................................................ 90 

Figure 3-32. PL spectra shown for a Red – Blue (25% - 75%) SP with 7.8 ± 0.5 µm in radius at 

different energy pump levels. ................................................................................................ 90 

Figure 3-33. PL spectra shown for a Red – Blue (25% - 75%) SP with 8.2 ± 0.5 µm in radius at 

different energy pump levels. ................................................................................................ 90 

Figure 3-34. Average number of excitons per QD in the SP at laser threshold, 〈N〉Threshold, as a 

function of the SP radius. The plot compares the results for red and blended SPs. Data on the 



List of Figures  xxi 

xxi 

red and blended SPs can be found in Table 2-2 and Table 3-3 to Table 3-8, respectively. The 

〈N〉Threshold was calculated from the individual spectra of each SP and the dashed lines are 

linear regressions for each set of data, simply to help visualizing the trends. ...................... 92 

Figure 3-35. Average number of excitons per QD in the SP at laser threshold, 〈N〉Threshold, as a 

function of the SP radius. The plot compares the results between blended SPs. Data on the 

blended SPs can be found in Table 3-3 to Table 3-8, respectively. The 〈N〉Threshold was calculated 

from the individual spectra of each SP. ................................................................................. 93 

Figure 3-36. Emission of the red SP above (13.3 mJ.cm-2) and below (normalized PL) lasing 

threshold. ............................................................................................................................... 96 

Figure 3-37. Microscope images of the red SP below and above lasing threshold. .............. 96 

Figure 3-38. Laser transfer function of the red SP. ................................................................ 97 

Figure 3-39. Emission of the blended SP above (34.8 mJ.cm-2) and below (normalized PL) 

lasing threshold. ..................................................................................................................... 98 

Figure 3-40. Microscope images of the blended SP below and above lasing threshold. ...... 98 

Figure 3-41. Laser transfer function of the blended SP. ........................................................ 98 

Figure 3-42. Laser transfer function of a red SP (diameter: 7.6 µm) and its typical spectrum 

below and above threshold. .................................................................................................. 99 

Figure 3-43. Laser transfer function of a yellow SP (diameter: 6.8 µm) and its typical spectrum 

below and above threshold. ................................................................................................ 100 

Figure 3-44. Laser transfer function of a multicolour SP (diameter: 6.4 µm) and its typical 

spectrum below and above threshold. The laser transfer function of the multicolour SP has 

the red emission (630 – 660 nm) plotted on the left y-axis and the yellow emission (580 – 610 

nm) plotted on the right y-axis. ........................................................................................... 101 

Figure 4-1. Schematic of the “retrieval” (a) and “printing” or “releasing” (b) of a SP (ink), which 

correspond to the two process flows for kinetically controlled transfer printers [218]. .... 105 

Figure 4-2. Schematic diagram of critical energy release rates for the ink&substrate interface 

and for the stamp&ink interface. The intersection of the horizontal line in the middle with 

the curve represents the critical peel velocity for the kinetically controlled transfer printing. 

Velocities below this point promote the “retrieving” of the object, and velocities above this 



List of Figures  xxii 

xxii 

point promote the “release” of the object. The horizontal lines at the bottom and top 

represent very weak and very strong ink/substrate interfaces, respectively. Adapted from 

[217]. .................................................................................................................................... 108 

Figure 4-3. Illustration of energy release rates for three different temperatures (0, 20 and 

40 °C). Adapted from [217]. ................................................................................................. 109 

Figure 4-4. Critical velocity as a function of the temperature. Velocities higher than the critical 

velocity promote the retrieval of objects and velocities lower than the critical velocity 

promote the release of objects. Adapted from [217] .......................................................... 109 

Figure 4-5. The PDMS stamp (length × width: 100 × 200 µm) used in the transfer printing 

process was cast from a mold using silicon elastomer and curing agent at a ratio of 10:1. The 

tip in the centre, used to pick up and drop SPs, corresponds to a small extrusion of the main 

block of PDMS (length × width × height: 10 × 30 × 5 µm). .................................................. 110 

Figure 4-6. Picture of the adapted NanoInk NLP 2000 system for TfP. ............................... 111 

Figure 4-7.Picture of NanoInk NLP 2000 stamp holder. ...................................................... 111 

Figure 4-8. Illustration of the transfer-printing process applied to the coupling of a SP to a 

waveguide (a): a SP is selected with the stamp (i). Once it is picked up (ii-iii), the stamp moves 

it to the target destination (iv). The SP is dropped (v) by being put in contact with the 

substrate. Another example is given below (b) where 15 SPs were moved to a PDMS substrate 

(left). The right image shows the overlapping between the University of Strathclyde logo and 

the SPs under UV light. ........................................................................................................ 112 

Figure 4-9. Schematic of the µ-PL setup with edge detection: i) Pump source (532 nm laser); 

ii) Waveplate; iii) Polarized beam splitter; iv) Beam dump; v) set of neutral density filters; vi) 

mirrors; vii) beam expander with attenuator wheel incorporated; viii) setup with a mounted 

objective lens (4×/0.13) and a xyz stage where the sample is placed; ix) set of 3 beam splitters 

and a long pass filter (550 nm); x) Spectrometer fiber-coupled to the setup; xi) CCD camera; 

xii) lamp; xiii) detail of SP-waveguide coupling; xiv) CCD camera with a long pass filter 

incorporated (550 nm). Green arrows represent the path of the laser from the pump, red 

arrows represent the path of the laser from the SP and yellow arrows represent the light path 

of the lamp. .......................................................................................................................... 113 

Figure 4-10. Illustration of the SP – waveguide coupling setup (a), where the sample is 

simultaneously aligned with the laser pump (a-i) and the CCD camera (a-ii). The SP (radius ≈ 

3.9 ± 0.3 µm) is being pumped on one edge of the waveguide, and the other edge the facet 

is being monitored by the CCD camera, which is preceded by a long pass filter (550 nm) to 



List of Figures  xxiii 

xxiii 

cut any light from the pump (532 nm). Figures b) and c) show microscope and CCD camera 

views and correspond to illustrations a-i) and a-ii), respectively. ....................................... 115 

Figure 4-11. Readings from the spectrometer and CCD camera as a function of the optical 

pump energy. Acquisitions were made simultaneously and compared with each other to 

verify which modes were coupled into the waveguide. This compound figure compiles the 

spectra of the SP at different optical pump energies acquired on the spectrometer (left 

column) and the images obtained at the end of the cleaved facet of the waveguide where 

light is being coupled (mid column). For each of those energies, the column on the right 

shows the normalised counts integrated over the highlighted wavelengths (labelled in a 

range of red colours) using the data from the spectrometer (left column), and the normalised 

signal to noise ratio pixel intensity of the image (mid column) labelled in black. Labels on the 

axes of the spectra in the left column were left out to simplify the figure (the x-axis 

corresponds to the wavelength in nm, and the y-axis to the counts normalised to the 

maximum intensity obtained at 13.6 nJ). ............................................................................ 116 

Figure 4-12. Representation of two different WGMs for a given wavelength propagating in a 

SP and how it can affect the coupling between a SP and waveguide (the waveguide being 2 × 

2 µm2 in cross-section). ........................................................................................................ 117 

Figure 5-1. Illustration of the two typical pathways of radiative recombination in Cu-doped 

QDs. Band edge emission prevails in the presence of a hole in the valence band (left diagram). 

If the Cu state is optically active (𝐶𝑢 + 2) and there are no holes present in the valence band 

(or they have been captured by hole traps), then the dopant emission takes place (right 

diagram). .............................................................................................................................. 121 

Figure 5-2. PL spectrum of Cu-doped core and core/ shell quantum dots. ......................... 123 

Figure 5-3. Absorbance spectrum of Cu-doped core and core/ shell quantum dots. ......... 123 

Figure 5-4. Core Cu-doped microsphere solution diluted in water (1:50). Microscope 

objective: ×20. ...................................................................................................................... 123 

Figure 5-5. Core Cu-doped microsphere solution (initial solution). Microscope objective: ×20.

 ............................................................................................................................................. 123 

Figure 5-6. Core shell Cu-doped QD microspheres (initial solution). Microscope objective: 

×63. ...................................................................................................................................... 124 

Figure 5-7. Core shell Cu-doped QD microspheres diluted in water (1:50). Microscope 

objective: ×63. ...................................................................................................................... 124 



List of Figures  xxiv 

xxiv 

Figure 5-8. PL and absorbance spectra of Cu-doped core TPs............................................. 125 

Figure 5-9. PL and absorbance spectra of Cu-doped core/ shell TPs. .................................. 125 

Figure 5-10. Core Cu-doped TP microspheres diluted in water (1:50). Microscope objective: 

×63. ...................................................................................................................................... 125 

Figure 5-11. Wider view of Fig. 40. Microscope objective: ×20. .......................................... 125 

Figure 5-12. Core/Shell Cu-doped TP microsphere (solution diluted in water-1:50). 

Microscope objective: ×20. .................................................................................................. 126 

Figure 5-13. PL and absorbance spectrums of Cu-doped core rolled NPLs. ........................ 127 

Figure 5-14. PL and absorbance spectrums of Cu-doped core/ shell flat NPLs. .................. 127 

Figure 5-15. SPs of Cu-doped rolled NPLs (Microscope objective ×63). .............................. 128 

Figure 5-16. SPs of Cu-doped NPLs. Microscope objective ×20. .......................................... 128 

Figure 5-17. SPs of Cu-doped NPLs. PMMA: 5% of NPLs by mass. (Microscope objective ×63).

 ............................................................................................................................................. 129 

Figure 5-18. SPs of Cu-doped NPLs. PMMA: 10% of NPLs by mass. (Microscope objective ×63).

 ............................................................................................................................................. 129 

Figure 5-19. SPs of Cu-doped NPLs. PMMA: 30% of NPLs by mass. (Microscope objective ×63).

 ............................................................................................................................................. 129 

Figure 5-20. SPs of Cu-doped NPLs. PMMA: 50% of NPLs by mass. (Microscope objective ×63).

 ............................................................................................................................................. 129 

Figure 5-21. SPs of Cu-doped rolled NPLs and QDs. Ratio between NPLs and QDs, from a) to 

e): 100:0; 75:25; 50:50; 25:75; 0:100 (Microscope objective ×63). ..................................... 130 

Figure 5-22. Synthesized bulk CsPbBr3@Cs4PbBr6 crystals under UV illumination. ............ 133 

Figure 5-23. Schematic of the PL setup used to characterize the composites: i) fiber coupled 

CCD spectrometer with long pass filter (λ=500 nm) connected to the PC; ii) plano convex 

lenses; iii) sample holder; iv) µLED ...................................................................................... 135 



List of Figures  xxv 

xxv 

Figure 5-24. Bandwidth measurement setup with the inset schematic: i) photoreceiver; ii) 

long pass filter (λ=500 nm); iii) plano convex lenses; iv) sample holder; v) positive meniscus 

lens; vi) µLED. ....................................................................................................................... 137 

Figure 5-25. a) Log-scaled powder XRD pattern from the CsPbBr3@Cs4PbBr6 crystal 

preparation with nominal Cs4PbBr6 stoichiometry (the intensity range in the original dataset 

was 1-100 counts per second); b) Stick plot representation of literature data for the bulk 

Cs4PbBr6 phase [188]............................................................................................................ 138 

Figure 5-26. PL measurements of each of the fabricated samples prior to their submersion in 

water. Pumping was by a 450 nm µLED. .............................................................................. 139 

Figure 5-27. PL at maximum intensity over time, for each of samples studied. Samples are 

presented in the same order as in the bar plot. .................................................................. 140 

Figure 5-28. Shift in wavelength of the PL peak of each sample after 0, 1, 4 and 72 hour-

immersion in water (right) with (left) absorbance spectra before and after immersion in 

water for 72 hours. .............................................................................................................. 141 

Figure 5-29. Bandwidth measurements of CsPbBr3@Cs4PbBr6 crystals-PMMA at 1:2 mass 

ratio (left: 10 mA; right: 200 mA). Average lifetimes: τ10 mA = 20.5±4.0 ns; τ200 mA = 14.2±3.0 ns. 

Frequency responses: ν10 mA = 13.4 MHz; ν200  mA = 19.4 MHz. ............................................. 142 

Figure 5-30. Bandwidth measurements of CsPbBr3@Cs4PbBr6 crystals-PMMA at 1:3 mass 

ratio (left: 10 mA; right: 200mA). Average lifetimes: τ10 mA = 22.7±7.9 ns; τ200 mA = 25.4±8.6 ns. 

Frequency responses: ν10 mA = 12.1 MHz; ν200 mA = 10.9 MHz. .............................................. 142 



 

xxvi 

 

 

 



 

xxvii 



 

xxviii 

 

 

List of Tables 

 

Table 1-1. Reference details of Figure 1-17. .......................................................................... 30 

Table 2-1. Radial index, angular field distribution and resonant wavelengths in the region of 

interest for a SP with a radius of 4.9 µm and refractive index of N = 1.7. ............................. 57 

Table 2-2. List of the SPs that went above the lasing threshold for the range of studied Epump. 

The counting of SPs in Figure 2-15 (SP nr) is made from left to right and top to bottom. .... 66 

Table 3-1. Percentage of CQDs used for each batch. ............................................................ 71 

Table 3-2. Compiled fitted parameters from Figure 3-1, sorted by type of blend. ............... 74 

Table 3-3. List of Red – Green (75% - 25%) SPs that went above the lasing threshold. The 

counting of SPs (SP nr) from their lists in Figure 3-4 is made from left to right and top to 

bottom. .................................................................................................................................. 85 

Table 3-4. List of Red – Green (50% - 50%) SPs that went above the lasing threshold. The 

counting of SPs (SP nr) from their lists in Figure 3-5 is made from left to right and top to 

bottom. .................................................................................................................................. 86 

Table 3-5. List of Red – Green (25% - 75%) SPs that went above the lasing threshold. The 

counting of SPs (SP nr) from their lists in Figure 3-6 is made from left to right and top to 

bottom. .................................................................................................................................. 86 

Table 3-6. List of Red – Blue (75% - 25%) SPs that went above the lasing threshold. The 

counting of SPs from their lists in Figure 3-7  is made from left to right and top to bottom. 87 

Table 3-7. List of Red – Blue (50% - 50%) SPs that went above the lasing threshold. The 

counting of SPs from their lists in Figure 3-8 is made from left to right and top to bottom. 89 

Table 3-8. List of Red – Blue (25% - 75%) SPs that went above the lasing threshold. The 

counting of SPs from their lists in Figure 3-9 is made from left to right and top to bottom. 91 



List of Tables  xxix 

xxix 

Table 3-9. Representation of the PL peak distribution in the red spectrum for red CQDs and 

its blends of green and blue at different ratios. .................................................................... 94 

Table 5-1. Frequency response and average lifetime of CsPbBr3@Cs4PbBr6 composites for 

different mass ratios and optical power densities. ............................................................. 143 



 

xxx 

 



 

xxxi 

 



 

xxxii 

 

 

List of Publications 

 

• P. U. Alves, I. M. Watson, N. Laurand and M. D. Dawson, "Water Resistant Caesium 

Lead Bromide Crystal Composites," 2018 IEEE British and Irish Conference on Optics 

and Photonics (BICOP), 2018, pp. 1-4, doi: 10.1109/BICOP.2018.8658335*. 

 

• P. U. Alves, N. Laurand and M. D. Dawson, "Multicolor laser oscillation in a single 

self-assembled colloidal quantum dot microsphere," 2020 IEEE Photonics Conference 

(IPC), 2020, pp. 1-2, doi: 10.1109/IPC47351.2020.9252438*. 

 

• P. U. Alves, D. Jevtics, M. J. Strain, M. D. Dawson, N. Laurand, " Enhancing self-

assembled colloidal quantum dot microsphere lasers," 2021 IEEE Photonics 

Conference (IPC), 2021, pp. 1-2, doi: 10.1109/IPC48725.2021.9592976* 

 

• P. U. Alves, P. Edwards, R. Martin, M. J. Strain, M. D. Dawson, N. Laurand “Self-

assembled colloidal nanocrystal microsphere lasers – device performance and 

integration with optical waveguides via transfer printing,” drafted and in preparation 

for submission 

 

*Both journal publications and conference presentations. The published papers can be found 

in Annex C. 

 



 

xxxiii 

 

 



 

xxxiv 

 

 

Abbreviations 

 

APD – Avalanche Photo Diode 

AR – Auger Recombination 

CC – Colour Conversion 

CCD - Charge-coupled device 

CL - Cathodoluminescence 

CQD – Colloidal Quantum Dot 

DBR – Distributed Bragg Reflector 

DC – Direct Current 

DFB – Distributed Feedback 

EQD – Epitaxial Quantum Dot 

FWHM – Full Width Half Maximum 

FRET – Förster Resonant Energy Transfer 

FSR – Free Spectral Range 

LD – Laser Diode 

LED – Light Emitting Diode 

NA – Numerical Aperture 

NC - Nanocrystal 

NPL – Nanoplatelet 

NR - Nanorod 

OFDM - Orthogonal Frequency Division Multiplexing 



Abbreviations  xxxv 

xxxv 

PDMS - Polydimethylsiloxane 

PL – Photoluminescence 

PLQY – Photoluminescence Quantum Yield 

PMMA – Poly(methyl methacrylate) 

PVA – Poly(vinyl alcohol) 

QD – Quantum Dot 

Q-factor – Quality factor 

QY – Quantum Yield 

RF – Radio Frequency 

SNR – Signal to Noise Ratio 

SP – Supraparticle 

SEM – Scanning Electron Microscopy 

TIR – Total internal reflection 

TE – Transverse Electric 

TM – Transverse Magnetic 

TP – Tetrapod 

TfP – Transferprinting 

UV – Ultraviolet 

VLC – Visible Light Communication 

WDM - Wavelength Division Multiplexing 

WGM – Whispering Gallery Mode 

XRD - X-Ray Diffraction 

 



 

xxxvi 



 

xxxvii 



 

xxxviii 

 

 

 

 

Dedicado à minha família 

 

 

 

 

 

 

 



 

1 

 

 

 

 

 

Part I 

 

Introduction 

 

 



 

2 

 

 

Chapter 1.  Semiconductor Nanocrystals for Lasers and 

Colour Conversion 

 

The research of this thesis focuses on luminescent semiconductor nanocrystals (NCs) for the 

development of novel, self-assembled lasers and for the robust colour-conversion of light-

emitting diodes (LEDs). This introduction chapter starts by giving a quick overview and 

background of NCs, highlighting the types of NCs relevant to this work in Sections 1.1 and 

1.2. Sections 1.3 and 1.4 state the motivations and give the outline of the thesis. As detailed 

in Section 1.4, the rest of this chapter covers in more detail further aspects of the materials 

and the relevant physics concepts. 

 

1.1 Background on Nanocrystals 

NC is the nomenclature given to organic and inorganic crystals with sizes ranging 

approximately between 1 and 20 nm. They can be made of metal, semiconductor, or 

magnetic materials, and many are synthesized in solution with the possibility of custom 

optimizations such as their size and shape [1]. NCs have found a wide range of applications, 

ranging from biochemistry (e.g.: bio-imaging, sensing and bio-assays) [2], to optics (e.g: LEDs 

and laser gain materials [3]–[6]), energy (e.g.: light harvesting in photovoltaics [7]) and other 

optoelectronic and magnetic applications (eg.: photodetectors, field effect transistors, 

memory elements [1], [7]–[12]).  

NCs made of semiconductors as used in this work are particularly attractive for photonic 

applications thanks to the flexibility for fine tuning and control of their optical and electronic 

properties through quantum confinement, and, for some of them, their solution 

processability. Quantum confinement is the spatial confinement of charge carriers in a 

material at the scale of the wavefunction of the carriers. This restriction results in a 

modification and quantization of the electronic levels (as explained in Section 1.2 in the case 
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of quantum dots) and of the density of states of the material as illustrated in Figure 1-1. 

According to their degree of quantum confinement, which depends on size and shape [13], 

semiconductor NCs can be sub-categorized into 3 main types: nanoplatelets (NPLs), nanorods 

(NRs) and quantum dots (QDs), all of which have prompted intense research and 

development over the last two decades [14], [15].  

 

 

Figure 1-1. Effect of shape and size on nanomaterials on the charge carrier confinement, where the density of 

states as function of the energy evolves from a square root dependency in bulk (3D), to a step-like function in 

quantum wells (2D), a negative square root dependency in quantum rods (1D), and a Dirac-δ function in 

quantum dots (0D). 

 

Light emitting semiconductor NCs are of course of special interest for light-emitting devices. 

Different semiconductor alloys combined with the quantum confinement effect enables a 

wide wavelength coverage from the UV to the mid-infrared [16]. For example, Cd-based NCs 

or metal-halide perovskite-based NCs (both used in this thesis), make coverage of the full 

visible spectrum with a single material system possible. 

The reduced dimensionality in NCs, and QDs in particular, increases the electron-hole 

wavefunction overlap, which typically increases the radiative quantum efficiency. 

Furthermore, the discretized density of states of QDs leads to a reduced thermal spread of 

carriers within bands – in principle this means that light emitted by a QD can be made to 

more efficiently match the energy of resonating modes in a cavity. These are all attractive 

attributes for the realization of lasers. Indeed, several types of QDs possess optical 
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characteristics that make them suitable for the development of lasers [17]. Moreover, 

solution processed QDs are compatible with almost all kinds of laser cavities and substrate 

materials as they allow the fabrication of devices by solution-based methods, such as spin-

coating and inkjet printing [17]. 

QDs can also provide colour conversion as efficiently as rare-earth phosphor materials[10], 

[18], [19], and their solution processability, high photoluminescence quantum yield (PLQY), 

broad absorption and narrow emission spectrum have already enabled their incorporation in 

the latest generations of high-definition LCD screens and white light illumination [10], [18]. 

NCs are also contributing to new lighting applications. QDs have significantly faster 

luminescence dynamics than phosphors. Combined with micro-sized LEDs and their 

capability of being modulated at high-speeds speed [20]–[22], QDs have been shown to be 

an attractive solution as colour-converters in sources for Visible Light Communication [23], 

and by extension LiFi [12]. They are seen as a fundamental element of the next generation of 

communication technology [12], [24], [25], as they provide modulation and multiplexing in 

the visible spectrum at higher frequencies than the current rare-earth phosphor materials 

[25]–[28]. 

 

 

Figure 1-2. Example of a multicomponent structured NC (QD) and a suprastructure made of many of these QDs. 

The multicomponent structure illustrates an alloyed core-shell QD, such as CdSe (iii); CdxZn1-xSe (ii); ZnSe0.5S0.5 

(i), and the suprastructure can be fabricated via self-assembly of many of these QDs. 

 

NCs are often made into a multicomponent structure at the nanoscale (Figure 1-2) using 

different types of materials or alloys, which confers additional design parameters with which 
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to tune their properties. For example, the shell encapsulation of a core QD uses crystalline 

lattices with different element combinations to tailor and improve the electronic and optical 

properties (see Section 1.2.2 for more details). This is particularly common in colloidal NCs, 

where ligands play an important role by assisting the synthesis process and functionalizing 

the surface for target applications [1]. Adding more components to the initial structure allows 

the manipulation of several material properties of NCs, such as wave functions, plasmon 

resonances, spins, and others [1], [29]. 

Colloidal NCs can also be themselves part of crystalline suprastructures (feature size tens of 

nm up to several hundreds of micrometers), in which case the NC can be seen as a building 

block or brick (Figure 1-2). Such suprastructures can be synthesized by a self-assembly 

process which results in densely packed superlattices (Figure 1-2) that can also give additional 

properties [30]–[32]. As will be seen later, in this work suprastructures are capitalized upon 

in order to control the light emission by acting as optical resonators, thereby bridging the gap 

between the electronic structure (controlled at the NC scale) and the photonic scale. 

 

1.2 Quantum Dots 

The majority of the work presented in this thesis is based on quantum dots of two different 

types and therefore some background information on these materials is given in this section. 

More information on these materials will be given later in this chapter and in other relevant 

chapters. 

QDs are semiconductor nanoparticles with feature sizes that can go below 10 nm. They can 

be subdivided in two main classes: epitaxial QDs (EQDs) and colloidal QDs (CQDs). Although 

EQDs are not the focus of this thesis, they are briefly introduced below. 

EQDs are formed by growth or deposition of a crystalline structure on an appropriate 

substrate and comprise a whole variety of dot structures, such as QDs based on lithographic 

patterning of epitaxial quantum wells, QDs defined by gates applied to a 2D structure, 

droplet-epitaxy QDs fabricated by filling of nano-openings patterned into a planar surface, 

self-assembled QDs fabricated by Stransky–Krastanow growth mode, etc. [33]. EQDs are 

already commercially available in light sources and have high fidelity performance, but 

require cleanroom equipment during their fabrication and their accessible wavelength range 

is restricted to 0.9 – 1.3 µm, which currently limits some of their applications [33]. 
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When QDs are fabricated via a colloidal synthesis process, they can also be called CQDs as 

they possess surface ligands that prevent aggregation and enable dispersion in different 

solvents.  

As briefly mentioned in Section 1.1, because the particle diameter of QDs in general is of the 

same magnitude as the de Broglie wavelength of the electron wave function, these particles 

are said to be quantum confined in all three dimensions [34]. Spatial confinement promotes 

the enhancement of Coulomb interactions between charge carriers due to a forced overlap 

of electronic wave functions and reduced dielectric screening. These interactions have 

important spectral and dynamical implications such as size-tuneability of emitted spectrum, 

excited state lifetimes, and carrier multiplication [35]–[37]. 

 

Figure 1-3. Illustration of the size-tuneability in QDs. The smaller the QD is, the wider the bandgap of these 0D 

semiconductors gets. Emission resulting from radiative decay between conduction and valence bands can 

therefore be tuned according to the size of QDs. 

 

Similarly to bulk semiconductors in general, the valence band and conduction band of QDs 

are the bands closest to the Fermi level, which is the highest energy level that an electron 

can occupy at the absolute zero temperature. These bands determine the optoelectronic 

properties of QDs [38]. The valence band is the highest range of electron energies in which 

electrons are normally present at absolute zero temperature, while the conduction band is 

the lowest range of vacant electronic states. On a graph of the electronic band structure of a 

(undoped) semiconductor, the bandgap (Eg) is the minimum energy required to promote an 
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electron from the valence band to the conduction band and the Fermi level sits between 

these two bands [38]. Figure 1-3 illustrates how the size of a QD impacts its electronic 

structure, and therefore its optoelectronic properties, through the effect of quantum 

confinement. As the strength of the latter increases (for a diminishing size of the 

semiconductor crystal) the transition from a band structure characteristic of the bulk to 

discrete electronic levels (akin to those in atoms) becomes more pronounced. The bandgap 

energy (the lowest transition energy) increases for smaller QD sizes of a same constituent 

material. 

QDs have inherited unique properties between bulk materials and their discrete molecules 

or atoms. Optical properties such as the direct photogeneration of multiexcitons by single 

photons and broadband absorptions below the optical band gap and narrow emissions show 

the capability of stimulated emission and optical gain in QDs [4], [39] and light down 

conversion [40], respectively. 

Core/shell Cd-based CQDs and a type of all-inorganic halide perovskite QDs were the main 

materials used in this thesis, for colour conversion and lasing applications, respectively. These 

families of materials are briefly presented below. More details are given later in the thesis 

(particularly in Chapter 2). 

 

1.2.1 Cd-based CQDs 

One of the most established categories of multicomponent structured QDs belongs to the 

family of II–VI heterostructures [41] and these account for a large variety of different carrier 

localization regimes (Figure 1-4). The QDs in this family consist of a CdSe or CdTe core (or an 

alloy related to these) overcoated with one or several shells of another material alloy – 

creating a heterostructure. The shell passivates the surface of the core, increasing the 

luminescence quantum efficiency and enabling control of the carrier localisation. 

Type-I core/shell heterostructures, have both electron and hole charge carriers localised in 

the core [41]. Quasi-type-I and II heterostructures have one charge carrier delocalised and 

the other localised in either the core or the shell [41]. Finally, type-II heterostructures, have 

one charge carrier localised in the core and the other in the shell [41]. The synthesis of 

multicomponent structured CQDs has opened the way towards engineering of band offsets 

at the NC scale, which can be modified by strain and changes in the crystalline structure [41]. 
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Figure 1-4. Schematic band diagrams of examples of different II-VI core/shell QD heterostructures: type-I (CdSe/ 

ZnS), with the electron and hole wavefunctions localised in the core of the QD; quasi-type-I (CdSe/CdS) and 

quasi-type-II (CdTe/CdS), with the electron wavefunction delocalised and hole function localised in the core;  

and type-II (CdTe/CdSe), with the electron wavefuntion localised in the shell and the hole wavefunction 

localised in the core. 

 

In this thesis, alloyed core/shell CdSSe/ZnS NCs, which are type I or quasi type I depending 

on their wavelengths, have been used for the self-assembled microlasers described in 

Chapters 2 to 4. 

 

1.2.2 All-inorganic Halide Perovskite QDs 

Perovskites are a class of compounds with a crystalline structure in the form of ABX3,(Figure 

1-5) where A and B are cations (with A usually larger than B) and X is an anion that binds 

them together [34], [42]. All-inorganic ceasium lead halide perovskite colloidal QDs were first 

reported in 2015 [43] to improve the stability problems [44] and sensitivity to oxygen and 

moisture [45] of hybrid organic-inorganic perovskite materials. These possess a cubic or 

orthorhombic structure and their emitting spectrum depends on the anion used to bind them 

(Figure 1-5) [43]. In addition to that, they feature large absorption cross-sections, high PLQY, 

and defect-tolerant properties.[46] They also exhibit strong nonlinear absorption and thus 

two-photon pumped lasing has been achieved with relatively low threshold [46]. Moreover, 
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unlike the more established Cd-based QDs, CsPbBr3 QDs show nearly temperature- 

independent PL peak position between the 20 and 100 °C due to their unique electronic 

structure [46]. For CdSe-based QDs, the expansion of the crystal lattice and electron-phonon 

interactions induced by temperature decrease the bandgap energy and red-shift the 

emission. However, the bandgap of CsPbBr3 QDs originates from the interaction between 

different orbitals and an increase in temperature changes the interaction between these 

orbitals. Such changes compensate the electron-phonon interactions and enable a nearly 

temperature-independent emission between the 20 and 100 °C [46].  

 

Figure 1-5. Crystalline structure of all-inorganic ceasium lead 

halide perovskites is predominantly face-centered cubic or 

orthorhombic. The anions on the faces of the cube (Cl, Br or I) 

dictate the emission wavelength of the NC (blue, green and red, 

respectively).  

 

Figure 1-6. CsPbBr3-in-Cs4PbBr6 crystals: 

structure inclusion schematic where CsPbBr3 

phases with up to tenths of nm in size 

(represented in orange) grow inside the 

Cs4PbBr6 phase represented in blue [47], [48]. 

 

CsPbBr3-in-Cs4PbBr6 (Figure 1-6) exhibits highly efficient green luminescence and enhanced 

thermal stability [46]. Cs4PbBr6 does not have a perovskite structure but can be considered a 

0D perovskite by analogy because [PbX6]4- octahedrons are isolated in the crystal. This 

structure results in a higher bandgap than CsPbX3, shifting the band edge emission more 

towards the UV [49]. The origin of the green luminescence is thought to come from the 

formation of CsPbBr3 QDs with a crystalline structure as seen in Figure 1-5, within the 

Cs4PbBr6 host crystalline structure [47], [48] during the growth of large Cs4PbBr6 crystals [47]–

[50], as illustrated in Figure 1-6. When compared to CQDs, CsPbBr3-in-Cs4PbBr6 QDs have a 

more efficient luminescence in the green and enhanced thermal stability. The latter is tied to 

the ‘ligand-free’ nature of the embedded CsPbBr3 in a higher-bandgap semiconductor 

material (Cs4PbBr6). Unlike the organic ligands of CQDs, this encapsulation can withstand 

elevated temperatures [49]. 
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CsPbBr3-in-Cs4PbBr6 is the material utilized for the work on colour conversion described in 

Chapter 5. 

 

1.3 Motivation 

Despite the advantages of QDs and CQDs described above, all-inorganic halide perovskite 

NCs continue to have problems with moisture which limits their usage in applications that 

cannot avoid exposure to humidity. Likewise, in terms of laser applications CQDs are usually 

combined with an optical cavity that is fabricated separately and many times require 

additional lithography steps to be integrated in photonic circuitry. QD lasers would benefit 

from photonic structures that do not rely on any form of lithography either during fabrication 

or in terms of implementation in integrated photonics. This thesis focuses on the challenges 

above. It addresses the fabrication complexity of CQD microlasers discussed in Section 1.6 by 

exploring the self-assembly of suprastructures with the well-established Cd-based CQDs as 

light emitters for a new class of lasers (see Section 1.6 and Chapter 2) that are both the gain 

material and an optical cavity. In addition to that, it explores ways of using all-inorganic halide 

perovskite crystals for colour conversion of LEDs, while protecting them against humidity. As 

it will be seen in Section 1.9, sensitivity to humidity is one of the main disadvantages of these 

materials and a simple encapsulation solution could enable their usage in smart lighting 

applications, such as visible light communications (VLC), also known as Li-Fi. 

 

1.4 Thesis Outline 

In addition to this chapter, where the framework of the thesis is presented and main topics 

are approached, this work comprises five other chapters where the problems stated above 

are individually studied. Chapter 2 discusses CdxSe1-x/ZnS QDs and their applications to 

microsphere lasers by taking advantage of bottom-up self-assembly of the alloyed CQDs to 

synthesize suprastructures (microspheres). The work on these micro lasers fabricated from 

the bottom up is then branched out in two different topics: the addition of higher bandgap 

CQDs to the synthesis of microspheres, which enable additional properties (Chapter 3) and 

the integration and coupling of individual microlasers to other devices via transfer printing 

(Chapter 4). Work on other types of NCs are presented in Chapter 5. This work includes a 

study of in-house synthesized CsPbBr3-in-Cs4PbBr6 crystals, which provide further photo and 
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thermal stability [46] for applications in colour-converting composites, and studies on more 

exotic NCs (doped QDs, NPLs and tetrapods) for self-assembly into microspheres and the 

study of their properties, initiated during a 3-month internship at Nanyang Technological 

University. Finally, Chapter 6 contains the concluding remarks of this work and gives an 

outlook for further studies. 

Some information on the synthesis and a general overview on the physics of the CQDs, 

including electronic states, optical gain, their dynamics for light communication and lasing 

applications, and the thermodynamics behind the process of self-assembly will now be 

explored in more detail. The focus is placed on Cd-based dots as this is the material 

technology predominantly utilized in this research, although all inorganic perovskite NCs (the 

family of the material used in the colour converter study) are also discussed. 

 

1.5 Fundamentals of CQDs 

1.5.1 Synthesis 

Like most colloidal QDs, CdSe-based QDs are usually synthesized via hot injection [51]. This 

method takes advantage of thermally decomposed organometallic cationic precursors in a 

hot reaction medium which anionic precursors are rapidly injected into (Figure 1-7). The hot 

injection facilitates the instantaneous supersaturation of reactant, promoting a fast 

nucleation and growth of monodispersed QDs. 

To produce monodisperse colloids, the hot-injection method needs to have the 

nucleation and growth stages of the colloid temporally separated [52], [53]. The 

nucleation is promoted by injecting one reagent into a heated reaction mixture and 

supersaturating the solution. This initial period of supersaturation leads to a short 

nucleation phase, which in turn decreases the solute in solution. Once the concentration 

of solute falls below the nucleation threshold, the nucleation phase ends and the 

controlled growth phase begins (Figure 1-8). Here, the initial size distribution is mainly 

determined by the time it takes to fully inject and mix the added precursor. 

During the growth of colloidal QDs, the high surface energy of the smallest NCs in solution 

will usually encourage their dissolution in the solvent. This allows other crystals in 

solution to assimilate the dissolved material and grow even further, increasing the 
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average NC size as the reaction time goes on. This mechanism, also referred to as 

‘Ostwald ripening’, allows the size of NCs to be tuned according to the duration of the 

growth phase. In the particular case of CQDs, it also enables control over the band gap 

of the material. The PL of CQDs is shifted to longer wavelengths as they grow in size, until 

the growth phase is quenched through rapid cooling. 

 

 

Figure 1-7.Example of a typical 

hot-injection setup using a 

thermometer (a), a temperature 

regulator system (b), and syringe 

with anionic organometallic 

precursors (c) to control the 

synthesis on a 3-necked flask with 

thermally decomposed organo-

metallic cationic precursors (d) at 

the required temperature and 

magnetic stirring conditions. 

 

Figure 1-8. Depiction of the nucleation and growth phases over time, 

during the hot-injection method. 

 

The kinetics of hot-injection methods may depend on several parameters such as the 

reactivity of precursors, reaction variables (i.e., temperature and concentration), and 

surfactants used during the process [51]. In addition to CQDs, this flexibility allows the 

synthesis of several other types of NCs by adjusting the hot-injection recipes, as will be seen 

in Chapter 5. The perovskite crystals studied in this thesis are the only crystals that follow a 

different procedure, which is covered in Section 5.2.1. 

It is also worth noting that while hot-injection techniques excel at tuning the diameter of 

CQDs as a function of the reaction time, there are other methods, namely heat-up (or 

non-injection) synthesis techniques, that produce larger scales of CQDs with identical sizes. 
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In heat-up methods, all reagents are mixed in the reaction flask at the beginning of the 

synthesis. In this stage, the monomers required for nucleation are either bound to ligands or 

part of a larger complex that prohibits or lowers their reactivity. Once the solution is heated, 

the precursors transform into free monomers and begin to nucleate. Here, the nucleation 

rate and supersaturation of monomers is controlled by temperature [54]. 

 

1.5.2 Energy States – Optical transitions 

In general, spherical semiconductor CQDs have carrier motion spatially constrained in all 

three dimensions (regime of 0D confinement seen in Figure 1-1) and therefore they have 

discrete electronic states. These discrete electronic states are labelled according to their 

principal (n = 1, 2, 3, …) and orbital angular momentum (L = 0, 1, 2, …) quantum numbers, 

and are usually denoted as nL [35], [55]. In this notation, the quantum number L is replaced 

by the letter of the corresponding atomic-like progression (S for L = 0, P for L = 1, D for L = 2, 

etc.) [35], [56]. For regimes of 0D confinement in spherical QDs, the Brus equation can be 

used to find the bandgap Energy, 𝐸𝑔(𝑄𝐷) [35], [55]–[57], where the bandgap is 

approximated to the sum of the bulk bandgap of the material, 𝐸𝑔(𝑏𝑢𝑙𝑘), and the 

size-dependent confinement energies of the band-edge electron (1Se) and hole (1Sh) states. 

The bandgap (Figure 1-3) for the three degenerate lowest states (n = 1), namely 1S, 1P and 

1D, can then be estimated as follows [35]: 

𝐸𝑔(𝑄𝐷) = 𝐸𝑔(𝑏𝑢𝑙𝑘) +
ℏ2𝜋2

2𝑚𝑒ℎ𝑅
2  (Eq. 1) 

with ℏ as the reduced Planck constant, R the QD radius, me and mh the effective electron and 

hole masses, respectively, and 𝑚𝑒ℎ = 𝑚𝑒 . 𝑚ℎ/(𝑚𝑒 +𝑚ℎ). 

In addition to the types of semiconductors used during the synthesis, it can be seen from 

Eq. 1 that the emission of QDs can also be tuned according to their size, as the bandgap of 

QDs is inversely proportional to their size. This continuous spectral tunability can be exploited 

in a wide range of applications in lighting and laser technologies, and it also fills spectral gaps 

currently not accessible with traditional semiconductor lasers [55]. The size tunability 

overviewed in Figure 1-3 can be complemented with Figure 1-9, where it is shown that an 

increase in size of CdSe/ZnS CQDs (and consequent bandgap decrease) results in PL emission 

spectra of higher wavelengths and solutions of distinct colours. 
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In these CQDs, the relatively narrow PL spectra come mainly from the lowest transition 

(continuous lines), while the absorption spectra (dashed lines) are composed of a multitude 

of transitions that combine to give an overall increasing absorption as wavelength shortens. 

This illustrates one of the attractive properties of CQDs as luminophores, as they possess a 

broad absorption for photons above the bandgap and a narrow emission that can be tuned 

during their synthesis. 

 

Figure 1-9. Illustration of typical PL (continuous lines) and absorption spectra (dashed lines) of CQDs, according 

to their different sizes and corresponding wavelength emissions. 

The optical properties of CQDs can also be tuned by changing the semiconductor material or 

alloy composing the CQDs. This effect is linked to the dependence of the bulk bandgap energy 

𝐸𝑔,0 on the material and its effect can be understood by looking at Eq. 1. The alloyed core 

CdSSe/ZnS CQDs utilized in the laser experiments of Chapters 2 to 4 all have the same sizes 

(around 6nm in diameter) and the wavelength is set by changing the ratio of S/Se in the alloy 

of the core (Figure 1-10). 

While the simple model described by Eq. 1 explains the concept for size tunability of CQDs 

and provides a reasonable description of the NC conduction band, the physics behind the 
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valence band is more complicated but it helps to better understand the absorption spectra 

of CQDs.  

 

 

Figure 1-10. Picture of green (530 nm), yellow (575 nm) and red (630 nm) CQDs in solution taken from the 

laboratory. These CQDs all have nominally the same size (6 nm) but differ in alloy composition in the core. 

 

For the valence band, the Hamiltonian or total energy of the system contains both the crystal-

lattice and NC-confinement potentials. As a result, it needs to be described by the total 

angular momentum, F, which is given by the sum of the Bloch-function angular momentum, 

J, and the orbital momentum of the hole envelope function, L [35]. Here, the total angular 

momentum is usually denoted in the form of nLF [35]. 

 

Figure 1-11. Illustration of a typical absorption spectrum of CdSe NCs (left), with the 4 lowest interband 

transitions involving either 1S or1P electron states marked, and of a 6-fold degenerate valence band 

representation (right) with the allowed optical interband transitions indicated by arrows. 
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Some exceptions aside, most III-V and II-VI semiconductor compounds (including CdSe) have 

a 6-fold degenerate valence band like the one represented in Figure 1-11. Note that the 

valence bands can be different for some CQD semiconductors (e.g.: PbS, PbSe [58]) but for 

relevance the CdSe 6-fold degeneracy was focused on here. When considering this subband 

degeneracy, the overall structure of CQD absorption spectra (Figure 1-11) becomes much 

more obvious [35]. 

The emission spectrum of NCs and CdSe CDs in particular is explained by the fine structure 

of the band-edge 1S(e) – 1S3/2(h) transition. This fine structure arises from the electron-hole 

(e-h) exchange interaction and the crystal field and shape asymmetry (Figure 1-12). 

The e-h exchange interaction is enhanced in NCs compared to the bulk material due to the 

increased overlap between electron and hole wavefunctions. Due to that overlap, the band-

edge electron 1S(e) and the hole states 1S3/2(h) must be treated as a combined state with 

total angular momenta N = Fe + Fh, where Fe = 1/2 and Fh = 3/2 are electron and the hole total 

angular momentums. Following from that, N has two possible state outcomes: N=1 or N=2. 

These two states are split by the exchange interaction and can either be high-energy, 

optically active bright excitons (N=1) or lower-energy, optically passive dark excitons (N=2). 

The e-h exchange interaction states are then further split into 5 sub-levels due to the crystal 

field and the shape asymmetry of CQDs, forming 2 upper states (U) and 3 lower (L) states. 

These so called fine-structure states are labelled according to the magnitude of the 

projection of the exciton total angular momentum, Nm, along the unique crystal axis (Figure 

1-12). Here, the lowest-energy state (Nm = 2; dark state) remains optically passive regardless 

of the effect of additional level-splitting and is separated from the next higher-energy state 

(Nm = 1L; bright state) by several meV, depending on the CQD size. 

At lower temperatures, the exciton recombination occurs via the optically forbidden low 

energy dark state, which leads to long radiative lifetimes. These long radiative lifetimes are 

determined by spin-flip processes that transfer dark excitons (e – h parallel spins) into 

radiative bright excitons (e – h antiparallel spins), namely the short-range e – h exchange 

interaction, acoustic phonons and semiconductor – air interfaces [59]. 

As the temperatures increase, the thermal redistribution of the exciton population mixes the 

dark state with the higher bright states with higher energies, leading to shorter radiative 
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lifetimes. This happens because bright excitons already have e – h antiparallel spins and are 

therefore ready to recombine radiatively. 

At sufficiently high temperatures, the exciton population becomes equally distributed 

between bright and dark states, leading to the saturation of the decay constant. Typically in 

CQDs (including the CdSSe/ZnS CQDs used in Chapters 2 – 4), this decay saturation point sits 

between a few to a few tens of nanosecond, a range that is suitable for VLC (see Section 1.9). 

 

 

Figure 1-12. Schematics of the fine-structure splitting of the band-edge 1S(e)-1S3/2(h) transition in CdSe NCs. 

 

The band-edge exciton fine structure can also partially explain the Stokes shift, i.e. the 

difference between the maximum absorption wavelength and the photoluminescence peak 

(e.g. Figure 1-9). For CdSe CQDs of most sizes, the band-edge absorption is dominated by the 

superposition of two upper-manifold strong optical absorbing states (1U and 0U excitons). 

However, emission tends to occur at the lower energy emitting states (Nm = 2 and 1L), which 

are separated from the absorption states by tens of meV. The transition from these higher 

states to lower states is allowed by the non-radiative release of energy via the generation of 

longitudinal optical phonons. This interaction of energy states with longitudinal optical 

phonons, the band-edge exciton fine structure and the size dispersion of CQDs are the main 

causes for the global Stokes shift observed in NC samples [35]. 

 

1.5.3 Optical gain in CQDs 

Before discussing the conditions to achieve laser with CQDs, it is important to overview the 

main relaxation pathways of CQDs [13]. Charge carriers can recombine radiatively in CQDs 

either by spontaneous emission (Figure 1-14i) or by stimulated emission, which is necessary 

for lasers (Figure 1-14ii). In addition to that, they can also recombine non-radiatively through 

several different processes (e.g. Auger recombination, thermalisation by coupling to 
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vibrations, multiexciton generation, ejection of a hot charge carrier and trap-assisted 

non-radiative recombination either at the surface of the QD or via an impurity (Figure 

1-14ii – vii). Trap assisted radiative recombination (see Section 5.1) and energy transfer 

between QDs (studied in Chapter 3. and Chapter 5. ) can also occur, but were left out of 

Figure 1-14 for simplification purposes.   

 

Figure 1-13. Schematic of the main relaxation pathways for carrier states in CQDs: i) spontaneous emission of 

a photon through the recombination of an electron-hole pair; ii) stimulated emission of a photon by another 

photon, through the recombination of an electron-hole pair; iii) Auger recombination, where the excess energy 

from the electron-hole recombination is transferred to another charge carrier that is subsequently excited to 

higher energy states; iv) energy dissipation via coupling to phonons; v) multi-exciton generation, where the hot-

carrier energy is converted into an additional electron–hole pair; vi) ejection of a hot charge carrier to the 

environment of the CQD; vii) trap-assisted electron-hole recombination via coupling to phonons. Red wavy 

arrows depict photons.  

Optical gain is one of the prerequisites to build a laser [4], [60]. This is attained when the light 

generation by stimulated emission in the laser material dominates over the light absorption. 

However, as seen above and in the previous section, CQDs have quantized atomic-like energy 

levels with multifold degeneracy of electron and hole states and non-radiative recombination 
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from multiexciton states [4], [60]. This can increase the gain threshold and complicate the 

optical gain process of CQDs [17].  

 

 

Figure 1-14. The 3 main transition state types in QDs for a 2-fold degeneracy and 2-level system (top). Ground 

state regime can only form excitons when electrons in the valence band absorb energies equal or superior to 

the bandgap. Transparency state regimes include a single exciton and can either absorb energy to generate a 

second exciton or decay and emit a photon, assuming that the recombination is radiative. Gain occurs in the 

presence of biexcitons, where their annihilation results into a free exciton and the emission of a photon. Red 

wavy arrows depict photons and yellow boxes represent exciton and biexciton states in the transparency and 

gain regime, respectively. 

However, in most cases Cd-based QDs have the degeneracy (at least partly) lifted by a variety 

of parameters, such as the crystal structure, the shape of the NC and core/shell structure 

(see previous section). In certain cases, thanks to this lifting of degeneracy, the system can 

be considered as a simple 2 level for the lowest transition. For clarity, this is the assumption 

taken in the following explanation of gain in CQDs. Figure 1-14 shows the simplified optical 

transition state in CdSe CQDs with a 2-fold degeneracy and 2-level system [17]. Here, the 

states of the quantum mechanical system are said to be degenerate if they yield the same 

value of energy for different quantum numbers (spin up and spin down), and the 2-level 

system implies that the system in consideration only has two energy levels (ground state and 

excited state). 

The ground state is characterized by two electrons located in the bottom level (valence band) 

that can only absorb energy. Optical transparency can occur when an incident photon at the 

transition energy has an equal chance to trigger recombination of the excited electron via 

stimulated emission and to be absorbed by the other electron in the ground state [61]. The 
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condition for optical gain is verified when both electrons are excited and stimulated emission 

dominates over optical absorption. Note that spontaneous and non-radiative emission can 

also occur during these recombinations.  

In such QDs, biexciton states and higher order multiexciton states are responsible for optical 

gain, which can only happen for 〈𝑁〉 >1, where 〈𝑁〉 is the average number of excited excitons 

per CQD [55][4], [55]. The state filling leads to a Poissonian exciton population, where the 

probability of a given number of excitons being generated for a fixed pump energy is given 

by the Poisson distribution [62]. It is important to note that while the simplified model of 

CQD electronic states discussed above provides a reasonable description of the CQD 

conduction band, the valence band has usually a more complex, multi-subband character 

that takes into consideration both the crystal-lattice and CQD-confinement potentials [35], 

as was discussed in the previous section. For QDs whose degeneracies are distinct from 2, 

the conditions for optical transparency increase, and so does 〈𝑁〉 for gain threshold [35], [55]. 

It can be shown that for an inhomogeneously broadened ensemble of CQDs the condition for 

transparency, given by the average number exciton per dot at transparency, 〈𝑁〉𝑡𝑟, is given 

by Eq. 2 [63]: 

〈𝑁〉𝑡𝑟 = 
𝛾

𝛾+1−(𝛾−1).𝑒
− 
∆𝑋𝑋
2

Γ2

 (Eq. 2) 

where 𝛾 is the level of degeneracy for the transition, Γ is the inhomogeneous linewidth and 

∆𝑋𝑋 the exciton-exciton interaction energy. For a degeneracy of 2 and type I CQDs where the 

biexciton interaction energy is negligible with respect to the linewidth, the previously 

discussed result is found: 〈𝑁〉𝑡𝑟 = 1. For a degeneracy of 3, that value increases to 〈𝑁〉𝑡𝑟 =

1.5. For the alloyed core CQDs used in Chapters 2 – 4, if they are considered as quasi-type I 

and of degeneracy of 3, the expected value of 〈𝑁〉  at transparency is likely to be between 

these two values. 

From a laser engineering point of view, most CdSe-based CQDs can be seen as a 3-level 

pumping scheme (Figure 1-15); or possibly a quasi-3 level system. This is because there is still 

some absorption at the wavelength at which emission and optical gain develops. As a result, 

they require pumping energies higher than the bandgap to allow population inversion and 

consequently stimulated emission. Population inversion occurs when the population of 

excited electrons (N2) is higher than those at ground state (N1). Upon pumping CQDs, 

electrons transit to E3 and usually decay to E2 non-radiatively via emission of phonons. They 
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can then decay radiatively from E2 to E1, by releasing a photon. Because the transition E21 

takes longer than E32 (τ21 >> τ32), N3 will be close to zero. If 〈𝑁〉𝑡𝑟 = N 2 > N1, population 

inversion between level 1 and 2 is achieved and optical amplification at the respective 

frequency can be obtained [38]. This condition is equivalent to the one derived previously for 

the exciton with 〈𝑁〉 >  1. The quasi-3 level nature of some CQDs comes from the Stokes 

shift caused by the fine structure of the lowest hole state as explained in Section 1.5.2. 

 

Figure 1-15. 3-level pumping scheme. 

 

The laser rate equation of a 3-level semiconductor laser system can be modeled assuming 

that the three energy levels 𝐸1, 𝐸2 and 𝐸3 are nondegenerate. If 𝑁1, 𝑁2 and 𝑁3 represent the 

population densities of the three levels and the pump is assumed to excite electrons from 

level 1 to level 3 that decay to level 2 through a nonradiative process, then the pump 

effectively transfers electrons from level 1 to level 2. Assuming that the nonradiative 

relaxation from level 3 to level 2 is faster than from level 2 to level 1, the population of 

electrons will accumulate in level 2. If the transitions take place exclusively between these 

three levels, then the population of electrons per unit volume, 𝑁, can be written as the sum 

of the populations in each of its levels (Eq. 3): 

𝑁 = 𝑁1 +𝑁2 +𝑁3 (Eq. 3) 

The rate equations that describe the evolution of 𝑁1, 𝑁2 and 𝑁3 as a function of time are 

then (Eq. 4): 
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{
  
 

  
 

𝑑𝑁3

𝑑𝑡
= −𝑊𝑝(𝑁3 −𝑁1)⏟          
𝑠𝑡𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛𝑠 3↔ 1 

− 𝑇32𝑁3⏟  
𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛𝑠 3→2

𝑑𝑁2

𝑑𝑡
= −𝑊1(𝑁2 −𝑁1)⏟          
𝑠𝑡𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛𝑠 2↔1

+ 𝑇32𝑁3 − 𝑇21𝑁2⏟        
𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛𝑠 3→2 𝑎𝑛𝑑 2→1

𝑑𝑁1

𝑑𝑡
= 𝑊𝑝(𝑁3 −𝑁1) +𝑊1(𝑁2 −𝑁1)⏟                  
𝑠𝑡𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛𝑠 3↔1 𝑎𝑛𝑑 2↔1 

+ 𝑇21𝑁2⏟  
𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛𝑠 2→1

 (Eq. 4) 

 

Where 𝑊𝑝 is the rate of pumping per electron from level 1 to level 3, which depends on the 

pump intensity, 𝑊1 is the stimulated transition rate per electron between levels 1 and 2, and 

the spontaneous transition rates 𝑇32 and 𝑇21 are given by (Eq. 5): 

{
𝑇32 = 𝐴32 + 𝑆32
𝑇21 = 𝐴21 + 𝑆21

 (Eq. 5) 

Where 𝐴32/𝐴21 and 𝑆32/𝑆21 correspond to the radiative and nonradiative transition rates 

between levels 3 and 2 or levels 2 and 1, respectively. The spontaneous transitions between 

levels 3 and 1 are neglected in 
𝑑𝑁3

𝑑𝑡
 since most electrons on level 3 are assumed to transit to 

level 2 rather than to level 1. 

The stimulated transition rate between levels 1 and 2 can be written as (Eq. 6): 

𝑊1 =
𝜋2𝑐2

ℏ𝜔3𝑛0
2 𝐴21𝑔(𝜔)𝐼1 (Eq. 6) 

With 𝐼1 as the intensity of the radiation in the 2 → 1 transition, 𝑔(𝜔) as the lineshape function 

describing the transitions between levels 1 and 2, 𝜔 as the frequency of the pump and 𝑛0 as 

the refractive index of the medium [64]. 

At steady state (Eq. 7): 

𝑑𝑁1

𝑑𝑡
=
𝑑𝑁2

𝑑𝑡
=
𝑑𝑁3

𝑑𝑡
= 0 (Eq. 7) 

Eq. 4 yields (Eq. 8): 

𝑁2−𝑁1

𝑁
=

[𝑊𝑝(𝑇32−𝑇21)−𝑇32𝑇21]

[3𝑊𝑝𝑊1+2𝑊𝑝𝑇21+2𝑇32𝑊1+𝑇32𝑊𝑝+𝑇32𝑇21]
 (Eq. 8) 

And in order to obtain population inversion between levels 2 and 1 (𝑁2 − 𝑁1 > 0), 𝑇32 > 𝑇21 

and 𝑊𝑝 ≥
𝑇32𝑇21

𝑇32−𝑇21
 are conditions that need to be verified. 
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Laser rate equations can also be modelled for pumping schemes of other levels (e.g.: 2-level 

system or 4-level system)[64], and be used to model semiconductor microlasers, including 

the microsphere resonators covered in Chapters 2 and 3 [65]. 

So far, non-radiative processes that compete with light emission and can increase the 

excitation power needed to reach a given exciton population were not considered. The main 

non-radiative processes in CQDs, and ways to overcome them, are discussed in the following 

section. 

 

1.5.4 Challenges underlying the optical gain in CQDs 

Although surface-trapping [66], [67] and photo induced absorption [68] can hinder optical 

gain in CQDs, these problems were solved by adopting core-shell structures [66], [69] and 

engineering the surface and environment of the CQDs [4], [17]. The rapid carrier cooling 

processes (carrier-carrier and carrier-phonon) in CQDs [70], [71] are also comparable to those 

in bulk semiconductors [72] and the hot carrier relaxation does not limit optical gain in CQDs 

[72], [73]. 

The limiting factor against the development of stimulated emission and lasing in CQDs is 

Auger recombination (AR), a nonradiative many-body carrier decay process where the energy 

released by the annihilation of a pair of electron and hole is used to stimulate the other 

electron or hole to a higher energy state (see Figure 1-14) [17]. This process is more efficient 

in CQDs than in their bulk counterparts [74], [75] because the spatial and dielectric 

confinement strengthen carrier-carrier interaction in CQDs and the conservation for 

translational momentum responsible for mitigating AR in bulk semiconductors is attenuated 

in CQDs. 

The AR lifetime in CdSe CQDs falls between several to tens of picoseconds, which is three to 

four orders of magnitude shorter than their spontaneous emission lifetime [74]. The AR rate 

has also been investigated in CQDs as a function of the photoexcited exciton number [74], 

[76] and monotonously accelerates with the increase of exciton number. The AR lifetime is 

found to be inversely proportional to the square of the average number of excitons, which 

indicates that the AR in the quantum confined CQDs is dominated by energy transfer from 

the annihilation of an exciton to an electron or a hole [77]. The AR is also size dependent: It 
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greatly increases with the reduction of the dot size and its lifetime shows a linear dependence 

on the volume of the CQDs [74], [76]. 

 

1.5.5 Optimizing CQDs for optical gain 

One way of mitigating AR in CQDs and facilitating their use as the active medium of optical 

amplifiers and lasers is by weakening the carrier-carrier interaction in CQDs through spatial 

decoupling of electron and hole wave functions. As mentioned earlier, this can be done by 

engineering a type of heterostructure that promotes spatial decoupling through selective 

coating of shell semiconductors [13] (Figure 1-4). Heterostructures of type-I trap 

simultaneously electrons and holes, while those of type-II attract charge carriers of one type 

and repel the other [78]. Suppressed AR has been observed in type-II heterostructures, such 

as CdSe/ZnTe and ZnTe/CdSe CQDs, due to the level of spatial separation between electron 

and hole wave functions. However, they also showed a reduced optical oscillator strength 

which hinders stimulated emission [41], [79], [80]. On the other hand, the quasi-type-I band 

alignment observed in CdSe/CdS CQDs allows simultaneously for a suppressed AR and a 

strong oscillator strength. In these structures, holes are confined in the core and electrons 

are delocalized over the entire CQDs due to the smaller conduction-band offset when 

compared with the valence band [81]. As a consequence, overlap between the electron and 

hole wave functions is effectively reduced and CQDs benefit of a lower-threshold optical gain. 

Such a phenomenon becomes more pronounced for CQDs with the same heterostructure 

but having thicker shells [82]–[85]. 

Another way of reducing AR is by engineering the shape of the confinement potential. 

Theoretical [86], [87] and experimental work [29], [88] have confirmed that an alloyed 

interface with smoothed confinement potential in the heterostructure can decrease the AR 

rate by more than three orders of magnitude when compared to heterostructures with an 

abrupt interface (Figure 1-16). AR and interfacial or surface trap states are known to cause 

random fluctuations in the QD PL, a phenomenon termed blinking [89]. An alloyed interface 

significantly decreases the overlap between the initial and the final state involved in the AR 

process [86], [90], [91]. CQDs with alloyed interfaces showed reduced optical gain thresholds, 

highlighting the importance of surface/interface engineering towards CQDs for solution-

processed lasers. The type of CQDs used in our laser experiments are related to the structure 

seen in Figure 1-16. 
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AR can also be removed in single-exciton gain CQDs, when the carrier-induced Stark effect is 

taken into consideration [92], [93]. This happens when the photoexcited single exciton state 

generates a local electric field which lifts the transition energy of the ground-state absorption 

[92], as opposed to the situation of optical transparency typically found where the stimulated 

emission is completely consumed by the ground-state absorption. For example, engineered 

type-II CdS/ZnSe core-shell CQDs with strong repulsive exciton-exciton interaction hinder 

absorption from singly excited CQDs and enable single-exciton gain with average exciton per 

CQD of 〈𝑁〉 < 1 [92]. 

 

Figure 1-16. Alloyed CdSe-based CQDs (such as the example on the left) have a reduced number of interfacial 

trap states when compared to their abrupt core-shell counterparts (right), which contributes to the decrease 

of non-radiative AR [90], [91]. 

 

1.6 CQDs for laser applications 

This section makes the link between discussions of optical gain in CQDs given previously and 

the laser threshold, and gives a summary of CQD laser structures and of the state of the art 

of these types of lasers. Although there are several different types of semiconductor NCs with 

combined emission tunability ranging from infrared (e.g.: PbS, PbSe QDs) to ultraviolet (UV), 

namely in the long and middle wave UV (ZnO QDs) [94], in this thesis special attention is given 

to CdSe-based CQDs with a tunable emission exclusively in the visible [94]. 
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1.6.1 Colloidal nanostructures for lasing 

It is worth noting that aside from CQDs, there are also other non-spherical colloidal 

nanostructures advantageous for lasing applications, such as NRs, NPLs and nanotetrapods 

(TPs). Colloidal NRs have a 2D confinement, which significantly impacts the multiexcitonic 

AR, leading to the prolonged optical gain duration, anisotropic optical gain and occurrence 

of stimulated emission from higher-order multiexcitons [77], [95]. Similarly to NRs, colloidal 

NPs (or colloidal quantum wells) have also a large aspect ratio, which suppresses the 

mutiexcitonic AR [96], [97] and are capable of functioning as favourable lasing materials [98], 

[99], including under continuous-wave lasing [100]. Colloidal TPs can also be exploited for 

photonic applications, such as providing simultaneous dual-colour emission [101]. CdSe/CdS 

dot-in-rod and CdSe/CdS dot-in-TP are the most representative NCs of mixed dimensionality 

that provide simultaneous dual-colour emission [102]–[104]. Such materials are able to serve 

as a light antenna, which significantly enhances the effective absorption cross-sections of the 

CdSe/CdS heterostructures while suppressing the reabsorption effect, therefore contributing 

to low-threshold stimulated emission and lasing [104]–[106]. 

1.6.2 Requirements for laser emission 

The condition for optical gain in CQDs was discussed in 1.5.3. However, optical gain is not the 

only requirement to achieve laser emission. Optical gain must be combined with optical 

feedback, which is usually obtained with a cavity or resonator. There are several possible 

resonator configurations and the most common for CQD lasers are described in the next 

section (Figure 1-17). However, regardless of the resonator design, in order to reach the 

threshold for laser oscillation the overall gain for an optical mode needs to compensate the 

overall loss experienced by it. 

A laser requires 3 main components to operate: the gain medium, in this case CQDs, which 

act as an amplifier for light; a pump source, to excite the gain medium; and a cavity, to 

provide optical feedback and promote stimulated emission [107]. To explain the optical 

feedback process, let us consider a simple cavity design, such as the Fabry-Perot cavity. This 

type of resonator uses two mirrors to create the optical cavity and when energy is given to 

the CQD gain medium (for example via optical pumping) some of the light emitted by the 

CQDs couples into the cavity modes (Figure 1-17b). The light from these modes bounces back 

and forth between the 2 mirrors, providing optical feedback at given resonances and 

promoting stimulated emission by the CQDs. Some of this light eventually escapes the cavity 
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through the output coupling, which can be provided by one of the mirrors with a non-unity 

reflectivity, or through other loss processes such as scattering or absorption.  

If 𝐿 corresponds to the distance between these 2 mirrors with reflectivities 𝑅1 and 𝑅2, 𝛼 to 

the distributed loss and 𝑔 the modal gain, the condition for laser oscillation requires a mode 

to repeat itself after one-round trip (Eq. 9): 

𝑅1𝑅2𝑒
2(𝑔−𝛼)𝐿 ≥ 1 (Eq. 9) 

Here, the modal gain 𝑔 is linked to the gain material region 𝑔𝑚by Eq. 10: 

𝑔 = Γ. 𝑔𝑚 (Eq. 10) 

with Γ corresponding to the fraction of photons in the cavity interacting with the gain 

material region, 𝑔𝑚 [108]. If the dependence of the gain material region on 〈𝑁〉 is 

approximately the same as in bulk active layers, 𝑔𝑚 becomes directly proportional to the 

population inversion (Eq. 11) [64], [109]: 

𝑔𝑚 = 𝑎(〈𝑁〉 − 〈𝑁〉𝑡𝑟) (Eq. 11) 

where 𝑎 corresponds to the differential gain in the gain material [109]. If the mode is fully 

confined in the gain medium, then Γ = 1. However, in the case of CQDs, the fraction of the 

CQDs also needs to be considered as CQD cannot occupy all the space. This leads to Γ < 1. 

For highly packed CQDs, one can expect Γ ≈ 0.7 or lower depending on the packing fraction 

and the nature and size of the ligands [110]. 

The material (CQD) gain at threshold is given by Eq. 12: 

𝑔𝑚 =
1

Γ
[
1

2𝐿
𝑙𝑛 (

1

𝑅1𝑅2
) + 𝛼] (Eq. 12) 

And from Eq. 11 and 12, the population inversion necessary for laser threshold is then given 

by (Eq. 13): 

〈𝑁〉 − 〈𝑁〉𝑡𝑟 =
1

Γ𝑎
[
1

2𝐿
𝑙𝑛 (

1

𝑅1𝑅2
) + 𝛼] (Eq. 13) 

As the cavity will never be perfect (the reflectivities will be lower than 1 and 𝛼 is non zero), 

the laser threshold happens at a higher value of 〈𝑁〉 than for transparency. 
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1.6.3 Resonator configurations of CQD lasers 

Unlike EQDs, CQDs have no substrate requirements and their solution processibility makes 

them compatible with almost all types of cavity structures. Typical laser cavities include 

Fabry-Perot cavities [111], microring resonators [112], vertical cavities implemented with 

distributed Bragg reflectors [98], [111], [113], distributed feedback cavities (DFB) [114], [115] 

and cavities that benefit from whispering gallery mode (WGM) optical feedback, such as 

microsphere [116]–[118], cylindrical [119], [120] or toroidal [121] cavities. WGMs in 

microspheres can be tuned to have single or multimode lasing [65], [118], [122]. CQD liquid 

droplets can also act as WGM laser cavities when levitated [123]. WGM lasers allow 

evanescence pumping with tapered optical fibres for efficient in-coupling and out-coupling 

of the pumping and emitting light – an interesting feature for integrated laser systems [117]. 

Close-packed CQD films can achieve random lasing by introducing suitable scattering centers 

[124]–[126]. Photonic crystals can also be used as cavities in CQD-based nanolasers, which 

benefit from low gain thresholds and enhanced spontaneous emission coupling into the 

cavity mode by Purcell effect [127]. 

 

 

Figure 1-17. Different types of NC laser geometries: (a) vertical cavities implemented with distributed Bragg 

reflectors [98], (b) Fabry-Perot cavities [111], (c) distributed feedback cavities [114], (d) microring resonators 

[112], and (e) microsphere cavities where dielectric spheres are doped or coated with NCs [116], [117]. 
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1.6.4 Types of Lasing in CQDs 

The CQD lasers described above emit either in a single or multi-mode, and most are optically 

pumped by a pulsed laser source. These pulsed laser sources can have different pump pulse 

durations, ranging from a few nanoseconds to several femtoseconds, which in turn can 

impact the laser emission threshold of CQD lasers. Figure 1-18 compiles the laser threshold 

fluence for CdSe-based CQD lasers of different configurations in the state of art, according to 

the pump pulse duration. Table 1-1 summarises the details of each reference used in Figure 

1-18. 

 

Figure 1-18. Laser cavities based on CdSe CQDs and respective pump fluences at laser threshold as a function 

of the pump pulse duration. The references used in this figure can be found on Table 1-1. 

Although there are several different factors that can impact the threshold fluence (e.g.: 

emission of the CQD, Quality factor of the laser cavity, repetition rate of the pump, 

wavelength of the pump, density of CQDs, etc.), the pulse duration of pulsed laser sources 

has a major impact on the required fluence to achieve lasing emission: the longer the pulse 

is, the higher the laser threshold will be. Pulsed laser sources are necessary for this type of 

device to mitigate the effect of the slow optical gain lifetime limited by the fast AR in CQDs 

[4]. This mitigation occurs because for a given intensity, a pulsed laser source will deliver 

periodic but strong bursts of energy that will generate more excitons than a weak but 

continuous wave laser source. 

Nevertheless, the realization of other forms of lasing could also be beneficial for practical 

applications in various fields [17]. 
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Table 1-1. Reference details of Figure 1-18. 

Cavity Type 
Pulse 

Duration (s) 

Pump Repetition 

Rate (s-1) 

Threshold Fluence 

(mJ.cm-2) 
Reference 

VCSEL 
1.00E-13 1.00E+05 9.00E-02 [128] 

1.00E-12 4.90E+06 1.00E-01 [129] 

DFB 

2.00E-12 4.90E+06 0.108 [83] 

5.00E-09 1.00E+01 3.00E+00 [130] 

4.00E-10 1.00E+03 4.00E-01 [131] 

3.00E-09 1.00E+01 9.52E-01 [132] 

Microring 

resonator 

7.00E-12 2.00E+02 2.90E-02 [133] 

7.00E-12 1.00E+02 6.00E-02 [134] 

1.50E-13 1.00E+03 3.87E-02 [135] 

3.40E-13 1.00E+04 3.50E-02 [112] 

Coated 

microsphere 
1.00E-13 1.00E+03 2.60E+01 [136] 

Self-assembled 

microsphere 

2.00E-12 1.00E+03 0.058 [118] 

3.00E-09 20 1.3 [122] 

4.00E-14 1.00E+04 1.00E-01 [65] 

7.60E-10 7.10E+03 1.20E+01 [31] 

1.60E-09 1.00E+04 6.00E-01 [137] 

 

Continuous-wave (CW) lasing on CdSe CQDs has been realized by decreasing the level 

degeneracy using strain. The strain engineering, which had already been shown to reduce 

pump threshold in epitaxial quantum well lasers [138]–[140], was employed by growing 

asymmetric compressive shells on CdSe cores so that the splitting of the band-edge states 

can be larger than the thermal energy and introduce biaxial strain [140]. This decreases the 

effective level degeneracy of the CQDs and consequently the optical gain threshold. Optically 

pumped CW lasing was achieved by coating these biaxially strained CQDs onto a 2D-DFB 

optical cavity. 

Electrically pumped CQD lasers present even more challenges. Since optical gain is originated 

from the multiexciton states due to the double degeneracy of the band-edge level, Auger 

recombination is more likely to occur in electrically pumping due to the 1-by-1 carrier 

injection into CQDs [4], [141]–[143]. Organic ligands of CQDs also exhibit poor electrical 

conductivity, acting as an insulating layer around the CQDs and hindering the carrier injection 

and transportation [142], [143]. Even if electric current could be properly injected into CQDs, 

the flowing current necessary for population inversion in CQDs would probably overheat and 

damage the laser device [144]. A first step has been taken towards electrically pumped CQD 
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lasers by achieving optical gain in CQDs under electrical pumping [145], [146]. Alloyed core-

shell CdSe/CdxZn1-xSe/ZnSe0.5S0.5 CQDs with extremely long biexciton Auger lifetimes (2.4 ns) 

have shown optical gain when pumped electrically when used in a p-i-n architecture with 

optimized organic/inorganic charge transport layers and an insulating spacer for heat 

dissipation [145]. Following on from that, devices using CQDs with very similar structures 

(CdSe/CdxZn1-xSe/ZnSe0.5S0.5/ZnS) have been reported to operate as LEDs if pumped 

electrically, or as lasers if pumped optically [146]. Nevertheless, the implementation of such 

architecture in a cavity to provide the optical feedback and lasing by electrical means is yet 

to be researched [55]. 

Multi-photon pumped QCD lasers are also an interesting type of laser as they use absorption 

of several photons with sub-band gap energy for optical gain and lasing action [17]. Here, the 

pump photons have longer wavelengths (infrared range) and exhibit a super-linear 

dependence of absorption on incident power, which results in a larger penetration depth 

into samples and a higher spatial resolution [17], [147]. 

 

1.7 All-inorganic perovskite NCs for lasing applications 

Unlike other CQDs, the all-inorganic ceasium lead halide NCs do not need the additional shell 

coating to ensure a high ratio of photons emitted over photons absorbed, or PLQY [43], [148], 

[149]. In addition to that, perovskite NCs also exhibit better optical properties in the blue-

green spectral regime than CdSe-based CQDs, as unlike CdSe CQDs they do not suffer from 

photodegradation and poor PLQY in that short visible wavelength range [17], [150], [151], 

and their large absorption cross-section, suppressed reabsorption due to the large biexciton 

binding energy and high PLQY confer them low-threshold stimulated emission in pulsed 

regimes [45], [152]. Moreover, stimulated emission and lasing in perovskite NCs can be easily 

tuned between blue, green, and red colours [45], [153]. Similarly to CQDs, many resonator 

configurations in Section 2.2.5 have also been demonstrated with perovskite NCs, such as 

cylindrical WGM resonators [45], spherical resonators [154] and distributed Bragg reflectors 

for vertical cavity surface emitting lasers (VCSELs) [155]. However, despite the advantages 

stated above, CsPbX3 NCs continue to have much faster AR rates than CdSe-based 

heterostructures, which makes them unfavourable for applications in long pulse duration 

and continuous wave mode lasing [17], [156]. Moreover, they suffer from relatively poor 

stability against moisture and heat [157]. 
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1.8 Self-assembly of Nanocrystals 

Self-assembly of CQDs was here exploited to fabricate a new type of microsphere lasers, as 

will be reported and discussed in Chapters 2-5. Therefore, some background on the physics 

of self-assembly of NCs are presented in the following sections.  

Self-assembly is a bottom-up process where individual components rearrange into an 

ordered structure by themselves [158]. Self-assembly of nanosized objects allow the 

fabrication of higher level structures, with the nano-objects playing the role of “bricks”, at 

micro- and nano-scales that would otherwise be much more difficult to fabricate with top-

down techniques, such as electron beam lithography or dip-pen nanolithography [158], 

[159]. In addition to that, self-assembly processes are carried out with equipment of much 

lower complexity when compared to the aforementioned top-down techniques [158].  

 

1.8.1 Preparation of nanocrystal superlattices 

Ordered structures of colloidal NCs are prepared mainly via three different processes, 

namely: solvent evaporation (Figure 1-19), gravitational sedimentation (Figure 1-20) and 

solvent destabilization (Figure 1-21) [158]. Evaporation-based assembly is usually employed 

to self-assemble superlattice thin films. Here, particles begin nucleation at the late stages of 

solvent drying and the amount of excess surfactant offers a degree of control over the 

thickness of the superlattice [158]. Destabilization-based assembly exploits attractive 

interactions between NCs when solvent intermingling in NC capping layers becomes less 

favourable than overlap of ligands between neighbouring NCs. This is done by adding an 

interface of nonsolvent to the solution, where destabilization can happen by nonsolvent 

diffusion or nonsolvent enrichment, both promoting gradual clustering of NCs in solution. 

Another way of creating destabilization is by adding small, noninteracting cosolutes to the 

solution that act as depletants. In these so called entropic destabilizations, the cosolutes are 

preferentially excluded from the vicinity of the large colloidal NCs, causing an attractive 

depletion force that pushes NCs together. The third and last process here introduced, 

gravitational sedimentation, is used in large or dense NCs where crowding-induced self-

assembly can occur via sedimentation in the bottom of solvent [158]. 
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In addition to these processes, there are several other factors that can impact the ordering 

of NC superlattices, such as choices of solvent, temperature, and shapes of NCs and 

substrates [158]. 

 

 

Figure 1-19. Preparation of NC superlattices by solvent evaporation using different techniques, such as drop 

casting on a solid substrate (i), evaporating over a polar liquid (ii) or evaporating from a tilted vial (iii). 

 

Figure 1-20. Preparation of NC superlattices by 

gravitational sedimentation. This can be used 

in large and dense NCs, which is when gravity 

predominates over thermal motion.  

 

Figure 1-21. Preparation of NC superlattices by solvent 

destabilization using different techniques, such as non-

solvent enrichment (i) and non-solvent diffusion (ii). 

The syntheses of microspheres in this thesis use a combination of solvent evaporation and 

solvent destabilization, where the non-solvent enrichment (CQDs) caused by the slow 

evaporation of solvent in an oil-in-water emulsion leads to the self-assembly of CQD 

supraparticles. The full self-assembly process is described in Chapter 2. 
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1.8.2 Nanocrystal interactions and thermodynamics 

During self-assembly, it is important to consider the various contributions to the NC−NC 

interactions to better understand and control the process. These interactions include van der 

Waals forces between inorganic cores and surface ligands as well as via osmotic, 

electrostatic, and elastic contributions [158]. 

During evaporation, colloidal NC solutions remain in the dispersed state as long as the pair 

potential 𝑈(𝑟) at interparticle separation distance 𝑟 is dominantly repulsive (Figure 1-22, 

top). This happens because molecular chains (e.g. hydrocarbon surfactants, neutral 

polymers, ionic ligands) tethered to the NC surface can enable steric and/or electrostatic 

stabilization of NCs according to the solvent and application [160]. The forces acting on the 

particles, 𝐹𝑈(𝑟), and pair potential are related through the following expression: 𝐹𝑈(𝑟) =

dU(r)

dr
. From this relationship, it can also be seen that the shorter the distance between two 

particles, the more negative the slope in the pair potential is and the stronger the forces 

repelling these two particles from each other will be. 

 

Figure 1-22. Sketch of a pair of interacting NCs with neutral (i) and ionic (ii) surface ligands. The top illustrations 

show the NCs sterically stabilized, together with the exclusively repulsive pair interaction potential U at 

interparticle separation distance r for NCs. The bottom illustrations demonstrate examples of destabilization 

by solvent evaporation (i) and solvent diffusion (ii), which lead to changes in the pair potential U and 

consequent aggregation of NCs [158], [161]. 
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Without the presence of ligands on colloidal NCs, the van der Waals interaction between 

inorganic cores is typically attractive. Intermolecular forces of such interaction come from 

transient fluctuations in the distribution of electrons and usually favour flocculation of the 

colloid (Figure 1-22, bottom). To prevent aggregation in apolar solvents, surface ligands such 

as hydrocarbons are typically used. The osmotic and elastic repulsion between chains in 

solvent form the basis of steric stabilization, where van der Waals attraction forces are 

screened by the ligand elastic repulsions upon compression [158]. In a similar fashion, ionic 

ligands are used to prevent NCs from aggregating in polar solvents by adsorbing charged 

species. The adsorbed charged species gives rise to osmotic pressure between surfaces of 

neighbour NCs and prevents them from aggregating, leading to electrostatically stabilized 

colloids [158]. 

Destabilizations of the colloid favourable to aggregation of NCs (e.g. via removal of solvent, 

reduction of solvent quality via nonsolvent addition or cooling the solution, and desorption 

or crosslinking of capping ligands) cause a drop in the pair potential that was shielding NCs. 

Two particles affected this way will be attracted to each other if the slope is positive and 

repelled if the slope is negative. This causes them to aggregate at an interparticle distance 

corresponding to the minimum of the potential if this minimum far exceeds the characteristic 

thermal energy of the system [158]. The higher the magnitude of the slope is, the higher the 

speed of the destabilization and aggregation will be and the more defects the superlattice 

structure will have [162], [163]. Low defect superlattices are more likely to occur under 

destabilizations near equilibrium conditions, where self-assembly occurs at a slow pace 

[164]. 

The aggregation of NCs into a superlattice is a phase transition that proceeds via nucleation 

and growth. Regarding the nucleation process, it can be homogeneous if it takes place in 

solution and the nucleus is approximately a sphere, the geometry with the lowest surface 

energy. Such process requires overcoming a Gibbs free energy nucleation barrier. The Gibbs 

free energy corresponds to the work done or received by the system to its surroundings, 

minus the work of the pressure forces. To overcome the nucleation barrier, this transient 

state between the initial (non-aggregated) and final (aggregated) states needs to receive 

external work, which can be provided by inducing the processes in Figure 1-19, Figure 1-20 

and Figure 1-21. Reducing solvent quality by adding impurities or other interfaces turns the 
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nucleation heterogeneous. These changes lower the nucleation barrier and increase the 

nucleation rate [158]. 

While the considerations mentioned above give a general idea of the various factors 

governing NC self-assembly, other factors might be present depending on the chemistry of 

the system and the experimental setup [165]–[167]. 

 

1.8.3 Shape of the self-assembled structures 

Under thermodynamic control, supraparticles (SPs) adopt an equilibrium structure that 

exhibits a minimized Gibbs free energy (G) defined as 𝐺 = 𝐺𝑏  + 𝑆. 𝛾, where 𝐺𝑏 is the bulk 

Gibbs free energy and 𝑆 and 𝛾 are the surface area and surface tension of the SP, respectively 

[168]. The surface tension is a positive term determined by the repulsive solvophobic 

interactions between the SP and the surrounding molecules, whereas the bulk Gibbs free 

energy is a negative term determined by interparticle interactions between neighboring NCs, 

such as van der Waals interactions between their inorganic cores and interactions between 

their surface ligands [168]. Here, the balance between the bulk and surface free energy terms 

in minimizing the overall Gibbs free energy dictates the equilibrium shape of SPs [168]. The 

SPs made of CQDs in Chapters 4, 6 and 7 adopt a close-packed superlattice structure to 

minimize the bulk free energy and a spherical shape to minimize the surface free energy. 

However, SPs could potentially be tuned into other shapes by varying the values of 𝐺𝑏, 𝛾,and 

𝑆. This can be done for example by changing the shape of the NC, type of non-solvent and 

shape of the emulsion, respectively [158], [168]. 

 

1.9 NC-based colour converter for Visible Light Communications 

In Sections 1.6 and 1.7, the applications of CQDs as laser materials was discussed. Another 

application of CQDs is as colour converters. In such cases, they are used (typically in the 

spontaneous emission regime) in conjunction with a pump light source (e.g. shorter 

wavelength LEDs or micro-LEDs, laser diodes), absorbing light from this pump source and re-

emitting the energy as luminescence in a process termed downconversion (upconversion is 

not discussed here), for applications such as displays, lighting and illumination, and VLC [169], 

[170]. The study of a perovskite QD-based color-converters is reported in Chapter 5. To place 

this into context, we give below some information on colour conversion and VLC. 
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Regarding VLC, CQDs are attractive alternatives to the rare-earth and transition metal 

phosphors used in commercial display and lighting technologies as their enhanced density of 

states and electron/hole wavefunction overlap [13] contribute to narrower emission 

linewidths and faster dynamics [22], [171]–[174]. 

VLC is typically implemented using high-speed optical modulation LEDs and received using 

photodiodes (PDs) [175]. VLC systems only allow real-valued and positive signals for data 

modulation because of the incoherent light output of the LED, which limits the usage of 

several data modulation protocols [175]. To achieve high-speed data transmission in VLC, 

optical orthogonal frequency division multiplexing (O-OFDM) is often used. Common 

O-OFDM schemes include DC-biased optical OFDM (DCO-OFDM), asymmetrically clipped 

optical OFDM (ACO-OFDM), non-DC- biased OFDM (NDC-OFDM) and unipolar OFDM (U-

OFDM) [175]. The choice of protocol and setup, as well as the distance between transmitter 

and receiver play a role in the data transmission speed [175], [176] 

 

1.9.1 Time dynamics of colour conversion 

Gallium nitride (GaN) based light emitting diodes (LEDs) and micro-LEDs have been replacing 

traditional incandescent or fluorescent lamps due to their more robust, efficient and 

spectrally defined output of UV and visible light [177], [178]. 

In particular, micro-LEDs have lateral dimensions lower than 100μm and can be arranged in 

arrays with densities up to many hundreds of pixels per inch [178]. In addition to that, unlike 

more conventional LEDs, the bandwidth of micro-LEDs is not RC-limited due to their small 

area. Instead, the limiting factor is the carrier lifetime, τ, which corresponds to the average 

time it takes for electrical carriers injected into the device to recombine [178]. Thanks to that, 

optical modulation bandwidths around a GHz have been reported for micro-LEDs [21], [179], 

which are up to 3 orders of magnitude faster than standard broad area LEDs [178]. These 

factors make micro-LEDs especially attractive in VLC to help meet the rapid increase in 

wireless data traffic [180]. 

InGaN-based LEDs can in principle emit in the UV, visible and near infrared by changing the 

alloy composition. However, in practice they are the most efficient in the blue-violet and 

have reduced emission efficiencies at longer wavelengths. On the other hand, red emitting 

LEDs, which are typically based on the AlInGaP alloy, have their efficiency significantly 
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reduced for wavelengths near and below 600 nm. This means there is a ‘yellow-green gap’ 

around 560 nm where there is currently no efficient LED. The same is true for laser diodes 

(LDs). The emission of LEDs is also single wavelength due to the fabrication process, which is 

done by growing the LED structure, including the active quantum well structure region, on a 

single wafer [178], [181]. Therefore, when used in lighting and digital lighting applications, 

efficient blue or UV GaN LEDs and LDs are often combined with colour converters in order to 

emit light at different wavelengths in the visible, or to produce white light [22]. 

The standard approach uses a UV or blue LED chip to photo-pump the colour converting 

material, which absorbs the LED photons and re-emits at longer wavelengths. In turn, the 

colour converting material enables emission across the visible spectrum [181]. 

Figure 1-23 demonstrates the colour conversion concept for VLC, where a µLED is modulated 

to carry a signal (represented by 1 and 0 in the schematic) and the modulated light is 

absorbed and reemitted at a longer wavelength by the colour converter (CC) material [181]. 

Practical implementation of colour conversion with µLEDs intended for VLC has already been 

demonstrated [170]. Moreover, CC composites can be designed with a wide array of 

characteristics for this purpose [22]. 

 

 

Figure 1-23. Principle of time-dependent color conversion, where data encoded through modulation of a source 

is transferred to another wavelength via a color converter [181]. Here, a blue LED is schematically shown to be 

down converted to green emission. 

 

One aspect to take into consideration while implementing CCs for VLC is their time dynamics. 

Colour conversion requires excitation of the CC material, which in this case is done by 



Chapter 1. Semiconductor Nanocrystals for Smart Lighting and Lasers 39 

39 

absorbing the micro-LED light and generating, for QDs, electron-hole pairs (excitons). This 

step is then followed by radiative emission of the CC material, where excitons decay through 

spontaneous emission at the designated wavelength [181]. The time dynamics are therefore 

set by the rate of radiative transition between the lowest excited state and the ground state 

of the colour-converting material. The longer the excited state lifetime is, the longer the CC 

material takes to go through spontaneous emission. This in turn impacts the maximum 

response time of CCs without loss of information, hereby defined as the frequency for which 

the modulated part of the optical power drops to half its DC value, or bandwidth (BW). The 

relation between the BW of the CC and its luminescence lifetime (τ) is given by 𝐵𝑊 =  
√3

2𝜋𝜏
 

[157], [182]. 

CCs for VLC applications should therefore ideally combine a short luminescence lifetime and 

a high efficiency [22], [157]. Furthermore, a narrow emission linewidth could also enable 

wavelength division multiplexing (WDM) in VLC [22], [183]. Reabsorption in any CC material 

where the intrinsic emission overlaps the absorption [184], [185] should also be taken into 

consideration, as it lengthens the effective luminescence lifetime of the medium and 

therefore decreases the BW. Colour converted micro-LEDs devices using phosphors are 

limited by the BW of phosphors, which are at least 3 orders of magnitude lower than the 

ones of micro-LEDs [23]. For this motive, faster CCs are worth being explored. There are 

several types of such colour converters currently under research (e.g. Inorganic 

semiconductors, organic semiconductors, epitaxial quantum well NPLs) [181]. In this thesis, 

particular attention is given to one type of inorganic semiconductors, all-inorganic metal 

halide perovskite NCs (Chapter 5) although background on Cd-based CQDs for VLC is also 

summarized below for completeness. 

 

1.9.2 All-inorganic perovskite NCs for VLC 

All-inorganic metal halide perovskite CQDs have been demonstrated as colour converters for 

VLC [49], [150], [172], [173] and have the fastest known luminescence dynamics among CQDs 

[186]. However, they present some disadvantages such as limited thermal and moisture 

stability, even though several approaches have been explored to mitigate these issues [187]. 

With such CQDs, bandwidths around 85MHz can attained for white-light sources combining 

a micro-LED and yellow-emitting CsPbBr1.8I1.2 perovskite CQDs (blended in resin), achieving 
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VLC links of 300Mb/s [173]. CsPbBr3-in-Cs4PbBr6 crystals consisting of CsPbBr3 QDs formed 

within a Cs4PbBr6 matrix (see Section 1.2.2 and Chapter 5 for more details), have been shown 

to improve thermal stability significantly and demonstrated as a laser gain material [188]. 

Such crystals have also been studied as fast CCs emitting in the green (520 nm) for VLC [49]. 

Their optical properties were studied at different pump power density regimes (from 0.7 

mW/cm2 to 7.15 kW/cm2) using either micro-LEDs or LDs. Bandwidths between 22 MHz 

(average lifetime of 13 ns) and 41MHz (average lifetime of 7 ns) were achieved for pump 

densities of 3 W/cm2 and 7 kW/cm2, respectively. The corresponding VCL links (DCO-OFDM) 

achieved data rates of 380-560 Mb/s for the CCs alone, and 1.14 and 1.5 Gb/s for both pump 

light and colour converted light. Such speeds match those of organic semiconductors [189], 

which have the faster dynamics in general, while keeping the typical absorption spectra and 

narrow emission wavelength characteristic of CQDs [181].  

 

1.9.3 CQDs for VLC 

Core-shell CQDs have excited electrons and holes confined mainly in the core of the NCs and 

fast dynamics due to the strong electron-hole spatial overlap. Because of that and the high 

luminescence efficiency with a narrow emission spectrum [186], they are among the most 

suitable CQDs for VLC.  

These NCs can be designed to emit at a certain wavelength, within a broad wavelength 

spectrum ranging from UV to mid infrared [186]. They also have a broad and efficient 

absorption in the emission spectrum of GaN micro-LEDs and LDs (UV and blue wavelengths). 

Moreover, their solution processability allows for a flexible integration in different setups 

[22], [170]. 

In the visible spectrum, the expected radiative lifetimes and BW for metal-halide, Cd-based 

CQDs range from ones to tens of ns and 10 to 100MHz, respectively [181]. Reports regarding 

data transmission rates using VCL links (OFDM modulation protocol) for these NCs show 

values between 300 and 600Mb/s for the colour-converted light alone [170], which are close 

to those discussed in Section 2.3. 

Current results show that CQDs also have potential as colour converters for VLC. They have 

data transmission rates close to Gb/s and their tuneability, stability and solution 
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processability allows further applications in WDM and micro-scale integration using a vast 

array of fabrication techniques [169], [190]–[193]. 

 

1.10 Summary 

This chapter has given an overview of the fundamentals of NCs – in particular CdSe-based 

CQDs and all-inorganic ceasium lead halide perovskite NCs – and has highlighted their 

properties for laser applications, self-assembly into superlattices, and for colour-converting 

technology applied to micro-LED based VLC. The topics above provide a theoretical 

background for the research presented on the remaining chapters of this thesis. 
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Chapter 2.  Self-Assembly of Semiconductor 

Nanocrystals for Lasers 

 

In this chapter, colloidal semiconductor quantum dots are self-assembled into micron-scale 

spherical supraparticles (SPs) that act as both the gain medium and the optical cavity of 

miniature lasers. These microlasers promise exciting applications in sensing and integrated 

photonics and are also attractive for studying laser physics at small dimensions. The chapter 

reports on the concept, fabrication and characterization of these lasers, including an analysis 

to extract the average exciton numbers per NC at threshold under optical pumping. 

 

2.1 Introduction 

As discussed in Chapter 1, colloidal semiconductor NCs are known for their size-tunable 

electronic and optical properties, discrete density of states, and low temperature solution 

processing [35], [194]–[196], which make them very attractive as the gain medium of lasers 

[17]. Additionally, NCs can be used in many different material platforms and have great 

prospects for integrated optics applications [197]. Several different NC laser geometries have 

been reported, e.g. Fabry-Perot cavities [111], microring resonators [112], vertical cavities 

implemented with distributed Bragg reflectors [98], distributed feedback cavities [114], and 

microsphere cavities where dielectric spheres are doped or coated with NCs [116], [117]. 

These examples can be found in Figure 1-17 (Chapter 1). 

However, while the field of NC lasers has made tremendous progress, NCs have so far been 

used almost exclusively as the gain material. Fabrication of laser devices still requires 

top-down patterning of the NCs at a sub-micron level (e.g. using photo or contact 

lithography), or a way to combine NCs with an optical microcavity that is fabricated 

separately. Designing such devices becomes challenging when approaching the micro or 

nanometre scale, as it is difficult to keep a low level of defects especially on complex devices. 
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An elegant alternative is to use the bottom-up self-assembly of NCs into SPs the form of 

microspheres with a crystalline structure [118]. Due to the high refractive index of 

semiconductor NCs and of the sphericity of the self-assembled structure, a SP can form 

whispering gallery mode (WGM) cavities [118] and efficiently trap light. Because SPs consist 

of NCs that can work as an optical gain material when optically excited, SPs are by themselves 

miniature laser sources. Note that such lasers were reported first in [118] but in this work, 

another initial demonstration had been independently made in our laboratory around the 

same time. 

In contrast to the standard approach where NCs are coated onto, or use as dopants within 

microspheres made of another material and fabricated separately, SPs are both the gain 

material and the cavity; the fabrication is therefore simplified [118]. The self-assembly of SPs 

is based on an oil-in-water emulsion technique, where one of the phases contains CQDs 

diluted in a non-polar solvent and the other contains water and a surfactant acting as 

emulsifier. The nucleation and quality of the SP can be controlled with temperature, solvent 

selection, and interfacial tension between the two phases according to the requirements 

[198]. Polydispersity can also be precisely controlled depending on the application. While the 

dispersity of macro-processed syntheses can go as low as 22% - 13%, it can be further 

lowered to approximately 5% with the help of microfluidics [118]. 

SPs made of CdSe/CdS CQDs have been reported with quality factors (Q-factors) up to 320 

[118]. Their lasing oscillation under optical pumping is evidenced by a clear threshold 

behaviour, coherent emission and emission lifetime shortening due to the stimulated 

emission process. In that report, experiments used a frequency – doubled regenerative 

amplifier seeded by a mode-locked Ti: sapphire laser (with laser pulses of 100−200 fs at a 

repetition rate of 1 kHz and a spot size of 10 μm at FWHM) to enable laser emission from 

their CdSe/CdS microspheres at threshold fluences of approximately 100 µJ/cm2 [118]. SPs 

have also exhibited a predominantly linear polarization [118] and enhanced resonant optical 

behaviour resulting in an increase in absorption efficiency in the visible range by more than 

2 orders of magnitude when compared to dispersed quantum dots [14]. Enhanced excitonic 

coupling has been observed in ligand-exchanged SPs which leads to the formation of a free 

biexciton system on sub-picosecond time scales [32]. More recently, single-mode laser 

emission has also been reported on compact microspheres with diameters between 1.5 to 5 

µm, via ligand exchange, and tested in vitro and in vivo [122]. In addition to that, the photon-



Chapter 2. Self-Assembly of Semiconductor Nanocrystals into Microspheres 46 

46 

stimulated amplification process in these microspheres can be simulated with precision by 

the rate equations [65]. 

While SPs combine the advantages of microsize and simple, potentially low-cost, fabrication, 

some laser parameters are challenging to extract, at least under free space optical excitation. 

This is particularly true for the average number of excitons ⟨𝑁⟩ per QD in the microlaser as a 

function of the pump intensity. The average number of excitons is a parameter that relates 

to the population inversion (see Chapter 1) within the SP and knowing its value at threshold 

is important for comparing the performance of microlasers post-fabrication and before 

utilization. It is difficult to determine the pump power coupled into and absorbed by the 

microsphere, and therefore ⟨𝑁⟩, due to scattering and a non-homogeneous pump profile. 

In the following sections, and after explaining the concept of WGM and describing the 

experimental methods, SPs made of CdSxSe1-x/ZnS CQDs and ranging approximately between 

4 and 20 µm in diameter are studied individually according to their size, with their below 

threshold emission intensities modelled to a Poissonian function in order to extract ⟨𝑁⟩ at 

different excitation levels. Laser emission (above threshold) for SPs of different sizes is also 

presented and discussed. SPs reported in this chapter had similar Q-factors to those reported 

in [118]. In Chapter 3 the SP properties are further explored by selecting their building blocks 

for laser oscillation at several wavelengths simultaneously [30] and to increase their Q-factor 

[31]. 

 

2.2 Characterization of Quantum Dots 

SPs synthesized in this work used cadmium selenide sulfide (Core) zinc sulfide (Shell) TriliteTM 

fluorescent QDs, with alkyl ligands. These QDs were ordered from Cytodiagnostics 

(Cytodiagnostics, Canada). The average diameter of these QDs ranged between 5.5 and 

6.5 nm. The corresponding absorption and emission spectra (in solution) can be seen in 

Figure 2-1 and Figure 2-2, respectively. The emission peak is located at 630 ± 5 nm and the 

PL has a full width at half maximum (FWHM) of 30-40 nm. The Stokes shift is between 10 and 

15 nm. 

 



Chapter 2. Self-Assembly of Semiconductor Nanocrystals into Microspheres 47 

47 

 

Figure 2-1. Absorbance spectrum of the used 

commercial NCs. 

 

Figure 2-2. PL spectrum of the used commercial NCs. 

Emission peak is measured at 628.1 nm. FWHM is 

approximately 37.9 nm. 

 

2.3 Microsphere resonators and Whispering Gallery Modes 

SPs in this work operate as microsphere lasers because CQDs provide optical gain and the 

spherical shape acts as a WGM resonator. The concept and basic theory of WGM is 

introduced in this section. 

WGMs are associated with electromagnetic oscillations in a spherical, disk or ring-shaped 

optical cavity. These modes correspond to the closed trajectory rays trapped in the cavity by 

almost total internal reflection. In case of constructive interference, a WGM is formed and 

creates the feedback loop required for lasing applications at the WGM resonance.  

The damping of these modes depends on the surface roughness and internal absorption. The 

Q-factor, defined as 𝑄 = 𝜆/𝛥𝜆, is the dimensionless parameter that characterizes this 

damping and corresponds to the ratio of a resonator's centre wavelength to its bandwidth 

when subject to an oscillating driving force. The higher the Q-factor is the lower the losses in 

the resonator are. 

Figure 2-3 illustrates how a ray striking the surface at near glancing incidence (𝜃𝑖 ≈ 𝜋/2) can 

propagate inside a spherical resonator. Assuming that the dielectric sphere has a refractive 

index N, radius r >> photon wavelength λ, and is in vacuum, if the ray hits the surface with 

an angle of incidence 𝜃𝑖 > 𝜃𝑐 =  𝑎𝑟𝑐𝑠𝑖𝑛(1/𝑁), total internal reflection (TIR) occurs. 
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Due to the spherical symmetry, all subsequent angles of incidence are the same, and the ray 

is trapped. In the near glancing incidence scenario, the trapped ray will propagate close to 

the surface of the sphere and take a path γ similar to the equatorial line of the sphere, which 

corresponds to γ ≈ 2𝜋𝑟 for a round trip. When constructive interference occurs, this round 

trip also corresponds to a multiple of the ray’s wavelength in the medium, γ ≈ 𝑙𝜆, which is 

to say, 
2𝜋𝑟

𝜆
≈

𝑙

𝑁
. The number of wavelengths, 𝑙, can be identified as quantum number of the 

angular momentum of the ray, as the angular momentum L is denoted as L ≈ 𝑟𝑝 =
2𝜋𝑟ħ𝑁

𝜆
=

 ħ𝑙, where the linear momentum is 𝑝 = ħ𝑘 =
2𝜋ħ𝑁

𝜆
, and 𝑘 is the wave number [199]. 

 

Figure 2-3. Ray of light propagation by TIR in a spherical cavity. (left) and angular momentum L associated with 

WGM and its M projection on the polar axis (right). 

 

The pseudo-Free Spectral Range (pseudo-FSR) of spherical resonators can be deduced from 

Lorentz-Mie theory to a first approximation as 𝛥𝜈𝑛,𝑙
𝛥𝑙 ≈

𝑐

2𝜋𝑁𝑟
, where c is the speed of light in 

vacuum, N is the refractive index and r is the radius of the sphere [199]. The FSR corresponds 

to the spacing between two modes with the same polarization and with the same 𝑛, only 

differing by one unit in their quantum number 𝑙. Here, the principal quantum number 𝑛 

corresponds to the radial index (𝑛 ∈ ℕ), the mode number 𝑙 indicates the order of the 

spherical harmonic that describes the angular momentum field distribution (0 ≤ 𝑙 ≤ 𝑛 − 1, 

represented by L in Figure 2-3) and the index 𝑚 is the azimuthal mode number, which is given 

by the projection of the angular momentum on the polar axis (−𝑙 ≤ 𝑚 ≤ 𝑙, represented by 

M in Figure 2-3). 

The Lorentz-Mie theory can also be used to calculate the absorption, reflection and 

extinction coefficients of spherical resonators [200], which follow the same trend as SPs of 

CdSe-based QDs [32], and the volume computation of WGMs in microspheres [201]. 
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2.4 Synthesis of Quantum Dot Microspheres 

The self-assembly of SPs followed an oil-in-water emulsion prepared at room temperature. 

The oil phase solution, with a total volume of 115 µl, was prepared by redispersing QDs in a 

compatible solvent that is also immiscible in water (e.g. chloroform or toluene) at a 

concentration of approximately 250 mg/ml. This process is done under the fume cupboard 

for safety reasons, and a 2ml glass vial was used for the purpose. The final concentration of 

QD solution can be prepared in one of two ways: solvent evaporation or precipitation of QDs. 

Both techniques require measuring the weight of the glass vial before the addition of the QD 

solution with the help of a pipette and after this process is completed. The solvent 

evaporation process is done by attaching the 2ml vial with the QD solution to a vacuum 

pump, which promotes a quick evaporation of the solvent and leaves QDs in the vial. The vial 

is then weighed again and the mass of QDs is roughly calculated by subtracting the initial 

measurement (weight of the vial) from the final. This process is repeated until the mass of 

QDs is such that after redispersing it in 115 µl of solvent, the final solution ends up with the 

desired concentration (250 mg/ml). The other possible technique is the precipitation of QDs. 

This is done by destabilizing the solution, in this case with the addition of a slightly polar 

solvent. As seen in Chapter 1, such addition will neutralize the pair potential that was 

shielding QDs from aggregating with each other and enable their precipitation. 

Destabilization is done by adding an alcohol (e.g. ethanol or methanol) to the solvent where 

QDs are dispersed. The added alcohol should be at a minimum volume ratio of 1:1 or more, 

for efficient precipitation. Once these two are mixed, the final solution is vortexed for 1 

minute and left resting for 10 minutes. After 10 minutes, the solution is centrifuged at 

10 000 g for another 10 minutes. The supernatant is then removed, and the sample is placed 

under vacuum for 10 minutes, to evaporate any remaining solvent. The final weight of the 

sample is measured and the mass of QDs obtained. Once the mass is known, the chosen 

solvent is added to the QDs until the final solution ends up with the desired concentration 

(250 mg/ml). The pellet of precipitated QDs can then be easily redispersed placing the sample 

in ultrasound for 5 to 10 seconds. 

The water phase solution has Polyvinyl Alcohol (PVA) dissolved in milli-Q water at a mass 

ratio of 1.25 %. PVA is an amphiphilic compound with a stronger polar or hydrophilic part and 

a weaker non-polar part. Because of this, PVA tends to have more solubility in water and can 
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therefore be used as an oil-in-water emulsifier. The non-polar component of PVA helps with 

the dispersion of the oil phase solution in the water phase solution. 

The recipe could be prepared with slightly different volumes assuming the ratio between oil 

and water phases is kept approximately the same. 

The emulsion was prepared by vortexing 115 µl of the QD solution with 450 µl of the water 

solution for 10 minutes and stirring the mixture for approximately 2 hours at 750 rpm and 

room temperature to evaporate the solvent of the oil phase. Once the stirring is completed, 

self-assembled SPs were diluted in water at a volume ratio of 1:50 and vortexed again to 

remove traces of PVA on their surfaces. Samples in this work were prepared by drop-casting 

10 µl of purified SPs onto a glass substrate. Chloroform (anhydrous, 99.5 %) and Polyvinyl 

alcohol (average Mw 85,000-124,000, 87-89% hydrolyzed) were ordered from Merck and 

used as received. Water was purified with Milli-Q water purification system. The magnet used 

for stirring was washed in toluene (10min), acetone (10min) and IPA (10min) and rinsed with 

water before its usage and before it was stored again. All the contaminated waste was 

disposed appropriately in their respective containers. 

The critical stage of the self-assembly occurs while mixing the two phases, where chloroform 

begins to evaporate from the dispersed phase and QDs inside the emulsions begin to 

nucleate and grow into SPs [118], [198] (Figure 2-4). 

 

Figure 2-4. Illustration of the nucleation process occurring inside the emulsions that lead to SPs. 

 

To characterize the size of SPs, after the self-assembly process, a sample solution of 

synthesized SPs was drop cast on glass and observed under the microscope. Figure 2-5 shows 

a scaled picture of SPs, and Figure 2-6 the histogram of their measured radius (right). The 

radius was measured automatically using a custom-made algorithm on Wolfram 
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Mathematica™ software. The algorithm follows steps similar to others already reported 

[202], combined with image processing functions from the software. A sample of SPs 

measured this way (N = 221) had an average radius of 2.8 µm ± 1.7 µm and a polydispersity 

of approximately 60%. The polydispersity (PD) is given by 𝑃𝐷 =
𝑟𝜎

𝑟µ
. 100 %, where rµ is the 

average radius of SPs and rσ is their standard deviation. Sub-micron SPs are also present in 

these samples, but could not be detected on the microscope due to the limitations in its 

resolution. These were instead seen in SEM. 

 

 

Figure 2-5. Size distribution of SPs: microscope 

image. 

 

Figure 2-6. Histogram of the radius of SPs in Figure 2-5. 

Average radius size: 2.8 µm ± 1.7 µm; Sample size: 221. 

 

2.5 Experimental Setup 

The µ-PL setup design used to characterize SPs is represented in Figure 2-7. This setup is 

based on a previous design [203] and operates with a 0.76 ns pulse width microchip pulsed 

laser (λ = 532 nm, MNG-03E-100, Teem Photonics) at a repetition rate of 7.1 kHz and with a 

beam spot area of approximately 2.88×10-7 cm2 at FWHM. The energy of this laser is 

attenuated by a waveplate (λ/2), polarizer and neutral density filter. This setup uses a 

custom-made beam expander with two plano-convergent lenses (focal lengths f1 = 12.5 cm 

and f2 = 2.5 cm). An attenuator wheel is incorporated within the beam expander to allow fine 

control of the pump intensity during experiments. A set of beam splitters is used to guide 

light into an objective lens (4×/0.13, Nikon), in order to focus the pump light onto the sample. 

At focus, the beam spot size had a diameter of 6 µm. Samples are placed on an xyz stage that 

gives full control on their positioning. The light emitted by the sample is collected by the 

same objective and sent via a set of beam splitters onto the fiber coupled spectrometer 

(AvaSpec-2048-4-DT with 0.7 nm of spectral resolution between 220-1100 nm using an 
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optical fibre with a core of 50 µm in diameter, Avantes) and CCD camera (DCC1645C, 

Thorlabs). 

 

Figure 2-7. Schematic of the µ-PL setup: i) Pump source (532 nm laser); ii) Waveplate; iii) Polarized beam 

splitter; iv) Beam dump; v) set of neutral density filters; vi) mirrors; vii) beam expander with attenuator wheel 

incorporated; viii) setup with a mounted objective lens (4×/0.13, Nikon) and a xyz stage where the sample is 

placed; ix) set of 3 beam splitters and a long pass filter (550 nm); x) Spectrometer fiber-coupled to the setup; 

xi) CCD camera; xii) lamp. Green arrows represent the path of the laser from the pump, red arrows represent 

the path of the laser from the SP and yellow arrows represent the light path of the lamp. 

 

A long pass filter (FEL0550, Thorlabs) is placed between the first two beam splitters when 

needed (either during the acquisition of measurements or camera capture). A lamp, also 

coupled to the set of beam splitters, can be switched on to help visualizing features on 

camera. A powermeter was used to calibrate the output energy as a function of the 

attenuator filter before each experiment. 

 

2.6 Q-factor 

The WGMs of a typical SP were observed below threshold using a scanning electron 

microscopy (SEM) technique named cathodoluminescence (CL), while imaging the SP at the 

same time (Figure 2-8a). These measurements were done with the help of Dr. Paul Edwards 

from the Physics department. CL emission is enabled by the absorbed energy from electrons 
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hitting the SP, which leads to the subsequent emission of photons. The CL spectrum in Figure 

2-8b was acquired with a spectrometer coupled onto the SEM (Scanning Electron 

Microscope). This process proved to be less noisy than with the PL setup to observe WGMs 

below threshold because of the higher contrast between the WGM signature and the 

background luminescence. The periodicity of the WGMs was measured by doing a Fourier 

analysis of the CL spectrum (Figure 2-8c). Such analysis provides details on the distance 

between consecutive angular modes of the SP. This distance can be correlated to the pseudo-

FSR of spherical microresonators, 𝛥𝜈𝑛,𝑙
𝛥𝑙 ≈

𝑐

2𝜋𝑁𝑎
, where again the number indexes n and l 

correspond to the order of the spherical harmonic that describes the radial and angular field 

distribution, respectively, c is the speed of light in vacuum, N is the refractive index and a is 

the radius of the sphere [199]. From the SEM image, the diameter of the SP in Figure 2-8a 

was estimated to be approximately 14.0 ± 0.5 µm. This value is relatively close to the 13.7 ± 

0.5 µm calculated using the pseudo-FSR correlation for consecutive modes [199], and a 

refractive index of N = 1.7, the latter corresponding to the expected value of Cd-based CQDs 

[204]. The Q-factor of the modes can also be calculated from Figure 2-8b as 𝑄 = 𝜆/𝛥𝜆, where 

𝜆 corresponds to the wavelength of the mode propagated in the cavity and 𝛥𝜆 to the full 

width half maximum of that mode. 

 

Figure 2-8. SEM image of a SP of approximately 14 µm in diameter (a) and its CL (b) and Fourier analysis (c). 

The Q factor estimated from the WGMs was 294 ± 15. 

 

b) 

c) 

a) 
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Here, the Q-factor is estimated as 294 ± 15. This value falls within the range of measurements 

for other SPs in this work and is consistent with the Q-factors previously reported on SPs of 

approximately the same size and composition synthesized using microfluidics [118]. These 

Q-factors are expected to be dependent on the limited Stokes shift of QDs, which causes 

reabsorption losses from the overlap between the absorption and emission (Figure 2-1 and 

Figure 2-2). In addition to that, other parameters such as the shape and surface roughness of 

SPs may limit the Q-factor even further. 

 

2.7 Optical pumping results  

SPs of different sizes were characterized individually in the µPL setup. Typical PL spectra and 

the laser transfer function of an SP (radius of 4.9 µm) can be seen in Figure 2-9 and Figure 

2-10, respectively. Here, the regime below threshold spanned approximately between 0 and 

7 nJ and the above threshold regime for pump energies higher than 7 nJ.  

The main PL peak, around 630 nm, corresponds to the exciton and biexciton emissions of the 

QDs and is the first to be detected at lower pump energies (Figure 2-9, red spectrum). The 

exciton and biexciton emissions come from the electron-hole recombination in CQDs, more 

specifically from the fine structure of their band-edge to the ground state (as seen in 

Chapter 1). Regarding the biexciton emission, biexcitons are formed from two excitons. 

When they are annihilated, they disintegrate into a free exciton and a photon. Here, the 

energy of the photon is smaller than that of the exciton by the biexciton binding energy. This 

leads to a red-shift of the biexciton emission in such CQDs and that makes the differentiation 

between exciton and biexciton emissions peaks difficult to read in the PL spectrum, due to 

their proximity. 

At higher energy pump levels, a higher energy transition corresponding to multiexcitonic 

emission (see Chapter 1, Section 1.5.2) can also be detected around 580 nm [95], [205] 

(Figure 2-9, green and blue spectra). Above threshold, the SP oscillates on multiple laser 

modes whose wavelengths range between 625 nm and 650 nm (Figure 2-9, blue spectrum). 

Each lasing peak has a linewidth limited by the resolution of the spectrometer used. 
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Figure 2-9. Typical PL spectra shown for a SP with 4.9 ± 0.5 µm in radius at different energy pump levels. 

 

The typical laser transfer function (emission intensity versus pump intensity) of a SP can be 

seen in Figure 2-10, where lasing threshold occurs at a pump energy of around 7 nJ in this 

device. Spontaneous emission and lasing emission curves occur below and above this 

threshold, respectively. 

 

 

Figure 2-10. Typical transfer function shown for a SP with 4.9 ± 0.5 µm in radius at different energy pump levels. 
Two red curves (dashed and continuous) were added as guides to the eye to differentiate the emission below 
and above laser threshold, respectively.  

 

In addition to the clear threshold behaviour observed both in Figure 2-9 and Figure 2-10, the 

differences between SPs below and above the lasing regime can also be observed under the 

microscope with an evident transition in intensity and the arising of a WGM lasing pattern 

characterized by the deep red corona on the SP periphery (Figure 2-11 and Figure 2-12). 
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Figure 2-11. Microscope image of the SP with 

4.9 ± 0.5 µm in radius under optical pumping below 

lasing threshold. 

 

Figure 2-12. Microscope image of the SP with 

4.9 ± 0.5 µm in radius under optical pumping above 

lasing threshold. 

 

When above threshold, this SP oscillates due to the WGMs. These are characterized by three 

parameters referred to as 𝑛, 𝑙 and 𝑚 [24], which correspond, respectively, to the number 

of maxima of the radial, angular and azimuthal field distribution (as explained in Section 2.3). 

To have a better understanding of this phenomenon, the expected WGMs of a microsphere 

with the same characteristics (i.e. radius and refractive index) as in Figure 2-9 to Figure 2-12 

were calculated theoretically, and the results were compared to the WGM lasing pattern 

observed under the microscope (Figure 2-12). The algorithm used to calculate the modes 

above can be found in Annex A. 

For this numerical experiment, the sphere was considered to have the same radius as the 

characterised SP, 4.9 µm, and a refractive index of N = 1.7 [204]. The modal equations (see 

Appendix A) for the electric field (transverse electric – TE and transverse magnetic – TM) 

[201] were solved for a wavelength close to the resonant peaks found experimentally (λ = 

636 nm) to determine the values of 𝑙 for which the resonances occur, or in other words, the 

values for which the modal equations are equal to zero (Figure 2-13a for TE modes and Figure 

2-13b for TM modes). Once the values of 𝑙 are known, the exact resonance wavelengths 

located within the laser emission range observed in the PL spectrum of the SP can then be 

found using the modal equations again, this time using the 𝑙 values determined above and 

finding for which wavelengths the modal equations are equal to zero (Figure 2-13b for TE 

modes and Figure 2-13d for TM modes). Table 2-1 shows the resonance wavelengths found 

10 µm 10 µm 
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for this numerical experiment in the region of interest, i.e. the wavelengths at which the 

lasing peaks of Figure 2-13 show up. 

Table 2-1. Radial index, angular field distribution and resonant wavelengths in the region of interest for a SP 

with a radius of 4.9 µm and refractive index of N = 1.7. 

 TE TM 

𝑛 𝑙 λ (nm) 𝑙 λ (nm) 

1 75 636 74 635 

2 69 636 68 638 

3 64 638 63 640 

4 60 635 59 638 

5 56 637 56 632 

6 53 632 52 637 

7 49 637 49 635 

 

The spacing between resonant wavelengths falls below the resolution of the spectrometer, 

and therefore it is difficult to identify the exact TE and TM modes. Nevertheless, the range of 

resonant frequencies found in this numerical experiment (mainly between the 635 nm and 

the 640 nm) match those observed experimentally (Figure 2-13i). Small deviations between 

the numerical and laboratorial measurements can be assigned to the not perfectly spherical 

shape of the SPs and small fluctuations in the refractive index. 

Once the parameters above are found, the norm of electric field (real component) for TE and 

TM modes can be evaluated and plotted. Figure 2-13e – h illustrate an example of such 

intensity maps in the xy and xz plane for a TE (𝑛 = 1, 𝑙 = 75, 𝜆 = 636, 𝑚 = 20; Figure 2-13e and 

g) and TM mode (𝑛 = 1, 𝑙 = 74, 𝜆 = 635, 𝑚 = 20; Figure 2-13f and h). Despite the impossibility 

of filtering and isolating each mode from Figure 2-13j alone, the spatial periodicity between 

maxima of intensity is similar in both cases for an azimuthal field distribution of 20 (𝑚 = 20). 

Figure 2-13j shows roughly 11 maxima of intensity in a quarter of the sphere, which match 

the number of maxima observed on Figure 2-13e and f. For higher radial field distribution 

numbers (𝑛 > 1) evidenced in Table 2-1 and Figure 2-13i, the mode volumes expand towards 

the core of the SP regardless of the high absorption coefficient found in CQDs [204]. 
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Figure 2-13. Study on the modes of a SP. The mode number 𝑙 (a; b) and resonant frequencies (c; d) were 

calculated by solving the modal equations [201] for TE and TM fields, respectively. The numerical experiment 

uses a SP with the same radius as the one measured experimentally (2.45 µm) and a refractive index of 1.7 

[204]. These results were then compared with the emission spectrum of the experimental measurements (e). 

Modes evaluated in the xy-plane for both TE (f: 𝑛 = 2, 𝑙 = 31, 𝑚 = 20; h: 𝑛 = 3, 𝑙 =27, 𝑚 = 20) and TM (f: 𝑛 = 1, 

𝑙 = 35, 𝑚 = 20; h: 𝑛 = 2, 𝑙 = 30, 𝑚 = 20) had their periodicity compared to those counted experimentally (j). 
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In general, the different SPs measured in this work display multimode lasing with 

spectrometer-resolution-limited peaks ranging between 625 nm and 655 nm. They tend to 

oscillate on one or several angular modes, depending on the SP size and pumping levels (see 

Figure 2-17 to Figure 2-21 and Table 2-2). There is a trend of the threshold pump energy 

increasing with the size of the SP (Figure 2-14), which is attributed to the pump spot (and 

energy) overlap with the SP – SPs with sizes close to or higher than the pump spot size are 

illuminated by lower and less homogeneous pump intensities at the edges. 

 

Figure 2-14. Energy threshold as a function of the size of the SP (for red CQDs). More information on the 

spectrum and characteristics of these SPs can be found in Table 2-2 and Figure 2-17 to Figure 2-21. The error in 

the x-axis is given by the measurement error in the size of the SP (minimum scale bar of 1 µm in diameter, which 

corresponds to 0.5 µm in radius). The error in the y-axis is given by the average and standard deviation of the 

two closest data points below and above laser threshold. 

 

2.7.1 Regime Below Laser Threshold 

The sub-linear evolution of the microsphere emission intensity versus pump energy below 

threshold (Figure 2-10) indicates that lasing oscillation is reached in a regime where there is 

more than one exciton per CQD on average. Extracting this value at different pump levels 

and in particular at threshold is interesting in order to assess the performance of SP lasers 

and the excitation level of the gain medium. However, it is difficult and certainly more 

challenging than for lasers based on planar CQD films due to the spherical geometry of SPs 

and the overlap with the pump laser. This section details a model used to obtain such values. 
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The spontaneous emission of the kth- exciton in a QD has been experimentally observed to 

follow a Poisson distribution [111], [140], [206], [207]. In the case of CdSe-based QDs, the 

exciton and biexciton emissions are also known to be of similar wavelength and, in our case, 

close to 630 nm, whereas the next multiexciton emission shows up near 580 nm [95], [205]. 

To model the spontaneous emission of SPs, the problem was approached by generalizing the 

spontaneous emission of a QD to the SP and solving the following multi-nonlinear model fit 

(Eq. 14 – 16): 

{
𝐷𝑎𝑡𝑎630𝑛𝑚 = 𝐴. 𝑃(𝑘1; ⟨𝑁⟩), 1 < 𝑘1 < 2;

𝐷𝑎𝑡𝑎580𝑛𝑚 = 𝐴. 𝑃(𝑘2; ⟨𝑁⟩), 𝑘2 > 3;
 (Eq. 14) 

𝑃(𝑘; 𝜆 = ⟨𝑁⟩) =  
𝛤(𝑘+1,⟨𝑁⟩)

𝛤(𝑘+1)
−
𝛤(𝑘,⟨𝑁⟩)

𝛤(𝑘)
 (Eq. 15) 

⟨𝑁⟩ = 𝛽. 𝐸𝑝𝑢𝑚𝑝
𝛼   (Eq. 16) 

Where the data acquired by the spectrometer (Eq. 14) is proportional to the probability of a 

QD to emit from the kth- exciton, 𝑃(𝑘; ⟨𝑁⟩), in a SP with a given average number of excitons 

per QD, ⟨𝑁⟩. Since not all the QDs in the ensemble will contribute the same exciton emission, 

mainly due to the absorption of the material, different quantum efficiencies and differences 

between the size of SPs and pump spot size overlap, the probability mass function 𝑃(𝑘; ⟨𝑁⟩) 

was approximated to a continuous probability density function Poisson distribution 𝑃(𝑘; 𝜆) 

[208], where 𝛤(𝑘) and 𝛤(𝑘, 𝜆) are the Euler and incomplete gamma functions, respectively 

(Eq. 15). The average number of excitons ⟨𝑁⟩ is given as the power law of the pumped energy, 

Epump (Eq. 16) [206], [207]. The unknown parameters A, 𝛽, and 𝛼 were left as free parameters 

and are studied below. More details on the algorithm used to compute the fit above can be 

found in Annex B. 

To study how this set of parameters (A, 𝛽, and 𝛼) behave, fifteen SPs of different sizes ranging 

approximately between 4 and 20 µm in diameter were randomly chosen and had their 

spectra recorded at different values of the pump energy Epump below the laser threshold 

(Figure 2-15). 

A set was then estimated for each SP, by fitting the experimental data peaks around 580 nm 

and 630 nm to Eq. 14. Since the emission peak at 630 nm comes from exciton and biexciton 

emissions, k1 was constrained between 1 and 2. Likewise, the multiexciton parameter k2 was 

constrained to be equal or higher than 3 [95], [205]. The data from the fifteen sets was then 
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split according to each parameter (A, 𝛽, and 𝛼) and analyzed as a function of the size of SPs 

(Figure 2-16a, b, and c, respectively). 
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Figure 2-15. Fit of Eq. 14 to the Exciton/Biexciton (EBE) and Multiexciton (ME) peaks for SPs of different sizes. 

 

It is worth noting that some of the fits have estimated parameters with large errors. This is 

mainly due to the lack of data points caused by small samplings on SPs with low energy lasing 

thresholds, or the lack of data points in the higher end of energies, which is limited by the 

laser and setup. 
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Figure 2-16. Study on the free parameters A (a), β (b) and α (c) of SPs in Eq. 14 (and Eq. 16), as a function of 

their radius. The dots correspond to the parameters extracted from the experimental data for each of the fifteen 

SPs. This data was then analyzed by fitting the parameters to their most likely trends (expressions and fit results 

in caption). 

 

Regarding ⟨𝑁⟩, the results suggest that the coefficient 𝛼 is intrinsic to the QDs used in this 

experiment and does not depend of the size of the SP as it is constant with the radius (Figure 

2-16c). In other words, whenever the Epump is doubled, the ⟨𝑁⟩ of QDs in the SPs increase by 

a factor of approximately 1.3𝛽. On the other hand, the coefficient 𝛽 accounts for mechanics 

extrinsic to QDs as it is inversely proportional to the size of SPs (Figure 2-16b). The fact that 

this proportionality is very close to the inverse of the radius of the SP might be related with 

the ratio between the pump fluence across the surface of a SP and the total number of QDs 

in its volume, which follows the same trend. 

Coefficient A accounts for the detected emission of SPs, which is proportional to the number 

of QDs emitting light (active QDs) and the collection efficiency of the setup. Assuming that 

the efficiency of the setup is a constant, A simply becomes proportional to the number of 

active QDs. Figure 2-16a suggests that A is indeed proportional to the volume of SPs, which 
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is also consistent with the existence of modes deep in the SP (Figure 2-13). The light emission 

of a SP (Eq. 14) can then be simply put as the number of active QDs times the average 

emission of an active QD in the SP, according to k and ⟨𝑁⟩. 

Once 𝛽 and 𝛼 are known, ⟨𝑁⟩ can be estimated from the results in Figure 2-16. On average, 

the threshold fluence corresponded to ⟨𝑁⟩ ≈ 2.3. This value is higher than the expected value 

of ⟨𝑁⟩ ≈ 1-1.5 for transparency (the onset of optical gain) in CQDs of this type [111], as was 

discussed in Chapter 1, but close to the value found in the literature for Cd-based SPs [118], 

of ⟨𝑁⟩ = 2.5, obtained via numerical gain modelling [140]. The higher ⟨𝑁⟩ is expected in order 

to reach lasing condition as was explained in 1.6.2. Ultimately, it is limited by the Q-factor. 

These limitations could come either from defects intrinsic (e.g. surface roughness) or 

extrinsic (e.g. debris on the surface, non-homogeneous pump fluence) to SPs. A further 

reduction of ⟨𝑁⟩ at threshold would require an increase of the Q-factor by reducing self-

absorption in the SP and guaranteeing smoothness of the SP. 

 

2.7.2 Regime Above Laser Threshold 

Figure 2-17 – Figure 2-21 and Table 2-2 show a compilation of the 5 SPs from Figure 2-16 that 

were capable of laser emission, including their PL spectra at different energies (below and 

above lasing threshold), estimated threshold energies, radius and calculated average number 

of excitons per QD in the SP using both the results from the individual fits (Figure 2-15) and 

the results in Figure 2-16.  

The reason why not all the SPs can reach laser emission might be bound to several factors. 

Surface roughness or debris on the SPs might hinder the WGMs. Likewise, a non-

homogeneous pump fluence or a partial overlap between the pump and the SP can impact 

the energy threshold. These factors could explain why SPs of similar sizes can have different 

energy thresholds and estimated average number of excitons, ⟨N⟩. 
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While the individually fitted parameters may give more precise ⟨𝑁⟩ (from Figure 2-15), the 

calculation of ⟨𝑁⟩ referenced to the parameters in Figure 2-16 can give a reasonable 

estimation that only depends on the size and pump energy of the SP. The mean value of ⟨N⟩ 

for the sample in Table 2-2 was similar for both cases (⟨𝑁⟩ ≈ 2.3). 

 

 

Figure 2-17. PL spectra shown for a red SP with 

2.0 ± 0.5 µm in radius at different energy pump levels. 

 

Figure 2-18. PL spectra shown for a red SP with 

2.4 ± 0.5 µm in radius at different energy pump levels. 

 

Figure 2-19. PL spectra shown for a red SP with 

3.0 ± 0.5 µm in radius at different energy pump levels. 

 

Figure 2-20. PL spectra shown for a red SP with 

3.2 ± 0.5 µm in radius at different energy pump levels. 

 

Figure 2-21. PL spectra shown for a red SP with 

4.9 ± 0.5 µm in radius at different energy pump levels. 
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Table 2-2. List of the SPs that went above the lasing threshold for the range of studied Epump. The counting of SPs 

in Figure 2-15 (SP nr) is made from left to right and top to bottom. 

 
Radius 

(µm) 

Epump at 

threshold (nJ) 

⟨N⟩ 

(Figure 2-15) 

⟨N⟩ 

(Figure 2-16) 
SP nr 

Figure 2-17 2.0 ± 0.5 2.6 ± 1.1 2.7 3.1 3 

Figure 2-18 2.4 ± 0.5 0.5 ± 0.3 2.2 1.4 4 

Figure 2-19 3.0 ± 0.5 2.6 ± 1.1 2.2 2.1 1 

Figure 2-20 3.2 ± 0.5 6.8 ± 1.2 2.0 2.7 5 

Figure 2-21 4.9 ± 0.5 6.8 ± 1.2 2.6 1.8 14 

 

2.8 Conclusion 

In this chapter red-emitting SP lasers based on CQDs have been demonstrated. This chapter 

has also provided an in-depth study on the modelling for emission below threshold and 

determination of ⟨𝑁⟩ using fifteen randomly chosen SPs ranging between approximately 4 

and 20 µm in diameter. 

The SPs had a Q-factor of 294 ± 15, which was estimated from the CL measurements on SEM. 

The CL measurements proved to be more accurate than the PL measurements most likely 

due to the setup conditions and methods behind each of them. CL measurements on SEM 

use a continuous electron beam flow suggesting that the dynamics of the system are kept 

constant over time and WGMs were easily observed. On the other hand, the µPL setup 

operates at a 532 nm wavelength with a 0.76 ns pulse width laser at a repetition rate of 7.1 

kHz (see Section 2.5), and these parameters already seem to introduce noise in the PL 

measurements, even at low fluences. The previous report on PL measurements and similar 

CdSe-based SPs has shown low noise and clear WGMs for a continuous wave (CW) excitation 

source at 405 nm wavelength [118]. The above seem to imply that clearer WGMs are more 

evident in the spectra when using continuous pump sources. The Q-factors here obtained via 

CL on SEM were consistent with those obtained via PL using a CW laser as pump source in 

the state of art [118]. 

SPs in this work achieved multimode lasing between the 625 and the 655 nm when pumped 

above the threshold fluence, which was on average estimated for ⟨𝑁⟩ ≈ 2.3 according to the 

emission model introduced in this work. These results were also consistent with the current 
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state of the art [118] and the emission model here introduced could help with the 

characterization of SPs in future works. 
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Chapter 3.  Blends of Nanocrystals 

 

3.1 Introduction 

An optimal design of spherical microresonators requires the tuning of several parameters to 

minimize the loss of stored energy [199]. In spherical SPs the parameters that determine their 

Q-factor not only depend on the shape, size, and average refractive index of the SP, but also 

on their building blocks - the CQDs. In the solid state, CQDs can suffer from self-absorption, 

exciton diffusion and nonradiative recombination [209]. In combination, these factors 

dampen the oscillations of whispering gallery modes (WGMs) and decrease their Q-factor 

and this has in turn a detrimental effect on the properties of SP lasers, namely it increases 

the threshold. 

In this chapter, CdSSe/ZnS CQDs with higher bandgaps (green CQDs emitting at 540 nm and 

blue CQDs emitting at 490 nm), which are close to or above the pump photon energy, were 

added to the fabrication of red (630 nm) CQD SPs (same as in Chapter 2) and studied as a 

way of minimising such losses. The hypothesis is that decreasing the density of ‘active’ CQDs 

(active in the sense that the CQDs emit the laser light) should also decrease the self-

absorption and non-radiative transfer processes within active CQDs, which in turn increases 

the Q factor.  

Here it is important to note that the different types of alloyed CdSSe/ZnS CQDs were all of 

the same nominal size, and that the bandgap was set by alloying the core of CQDs at different 

density rates, instead of tuning their size. Since their size remains constant, the self-assembly 

process of different types of CQDs remains unaffected. In fact, a blend of CQDs at different 

bandgaps within a single SP such as these can also be likened to a heterostructure: in this 

case a heterostructure SP. 

CQDs with bandgap higher than the pump photon will not have a direct role on the emission, 

but they will help maintain the overall SP structural properties while reducing the density of 

active CQDs. However, this is not true if the added CQDs have a bandgap lower than the 
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energy of the pump photons. In the latter case, the added CQDs can absorb, transfer and 

even re-emit light themselves. The blue emitting CQD are definitely inactive in that sense, 

while the green CQDs might be at the limit between the two regimes. In addition to these, 

yellow-emitting CQDs (575nm), with a bandgap between the emission of the pump and the 

bandgap of red CQDs, were also tested in combination with red CQDs - these definitely take 

part in the emission processes as is seen later in the chapter with the demonstration of 

multicolour laser emission. 

The mixing of blue and green-emitting types of CQDs with red CQDs is characterized, and the 

self-absorption is studied, for SPs of different sizes and pumped at different intensities in 

Sections 3.2 and 3.3, respectively. The emission below threshold of SPs are analysed using 

the approach described in the previous chapter. Section 3.4 demonstrates how mixing higher 

bandgap CQDs can indeed improve the Q-factor in a CQD SP microsphere. Lastly, Section 3.5 

shows how multicolor lasing can be achieved in SPs. 

 

3.2 Synthesis of Blended Quantum Dot SP Microspheres 

The synthesis process follows the same steps as in Section 2.4. The new SPs were synthesized 

using the standard recipe with CQDs mixed at different ratios according to Table 3-1: 

 

Table 3-1. Percentage of CQDs used for each batch. 

 Batch 

CQDs 1 2 3 4 5 6 7 

Red 100% 25% 50% 75% 25% 50% 75% 

Green - 75% 50% 25% - - - 

Blue - - - - 75% 50% 25% 

 

A SP from the 1st batch and a SP from the 4th batch were used in Section 3.4, due to their 

similar sizes and relatively low noise WGM measurements. 

In addition to the 1st batch in Table 2-2 (100% red SPs), two additional batches were used in 

Section 3.5: yellow SPs made of CQDs emitting at approximately 575 nm and SPs with a 50:50 

ratio of red and yellow CQDs. 
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All the SPs were drop-cast onto a glass substrate and, with the water evaporated, 

optically-pumped individually. 

 

3.3 Optical Characterization 

Similarly to Section 2.5, SPs were selected and optically pumped one at a time with a 0.76 ns 

pulse width microchip pulsed laser (λ = 532 nm) at a repetition rate of 7.1 kHz and with a 

beam spot area of approximately 2.88×10-7 cm2. The only exception is Section 3.6, where we 

used a 1.6 ns pulsed frequency-doubled Nd:YAG laser at 532 nm, at a repetition rate of 10 

kHz with a beam spot area of 1.9 × 10-5 cm2. The beam intensity was controlled by a variable 

wheel neutral density attenuator and focused on the sample with an objective lens (Section 

3.3-3.4: N PLAN EPI 50×/ 0.75, Leica; Section 3.5: 4×/ 0.13, Nikon). A spectrometer 

(AvaSpec-2048-4-DT, Avantes) was used to acquire the spectral data [30]. The size of the SPs 

was measured by both optical microscopy and SEM. 

The following sub-sections present the results and analysis of the blended SPs for their below 

and above threshold regimes. 

 

3.3.1 Regime Below Laser Threshold 

The characterization process of the blended SPs in Table 3-1 followed the same steps as in 

Section 2.7.1, where a sample of SPs was randomly selected from each blend and individually 

characterized as a function of their radius and optical pump energies. This characterization 

was performed to test the impact of mixing CQDs of different bandgap in the SPs. 

Red – Green 

25%-75%
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50%-50% 

 

75%-25% 

 

Red – Blue 

25%-75% 

 

50%-50% 

 

75%-25% 

  

Figure 3-1. Study on the below laser threshold characteristics of SPs of different blends. 
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Figure 3-1 displays the parameters 𝐴, 𝛽, and 𝛼 as a function of the SP radius for different 

blends (Red-Green and Red-Blue) and different ratios, along with the fits. Results for the red 

samples (100%) are those of Chapter 2. For completeness, more details on the sample size 

and individual characterization of SPs can be seen in Figure 3-4 to Figure 3-9 (from which 

Figure 3-1 was obtained). The fitted parameters obtained from Figure 3-1 are compiled in 

Table 3-2: 

Table 3-2. Compiled fitted parameters from Figure 3-1, sorted by type of blend. 

  Red Red - Green Red - Blue 

  100% 75%-25% 50%-50% 25%-75% 75%-25% 50%-50% 25%-75% 

𝐴(𝑟) = 𝑎. 𝑟𝑏 
a 0.1 ± 0.1 0.2 ± 0.0 0.4 ± 0.3 0.01 ± 0.0 0.7 ± 0.4 0.3 ± 0.1 1.0 ± 1.1 

b 2.9 ± 0.6 2.6 ± 0.1 1.8 ± 0.4 3.5 ± 0.1 1.7 ± 0.3 1.9 ± 0.1 1.3 ± 0.4 

𝛽(𝑟) = 𝑎. 𝑟𝑏 
a 3.5 ± 0.8 3.8 ± 0.7 1.7 ± 0.2 2.5 ± 0.4 3.0 ± 0.4 2.6 ± 0.6 3.0 ± 0.7 

b -0.8± 0.2 -0.6± 0.2 -0.2± 0.1 -0.3± 0.1 -0.5± 0.1 -0.3± 0.2 -0.6± 0.1 

𝛼 0.36 0.29 0.28 0.29 0.32 0.32 0.31 

 

Here, the parameter 𝐴 is proportional to the number of QDs in the volume of the SP 

contributing to the emission detected on the spectrometer (see Section 2.7.1). By looking at 

Figure 3-2, the red and green blend (𝐴𝑅𝑒𝑑−𝐺𝑟𝑒𝑒𝑛: 75−25) of SPs present similar or slightly 

higher emissions than red SPs (𝐴𝑅𝑒𝑑) most likely due to the reduction of self-absorption in 

the red emission enabled by a smaller concentration of red QDs in the SP, and compensation 

of red emission either by energy transfer between green QDs to red QDs or by higher 

absorption rates from red QDs, as in this case they can absorb light both from the pump and 

green QDs. 
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Figure 3-2.Parameter A as a function of the radius of 

a SP. 

 

Figure 3-3. 〈𝑁〉 as a function of the radius of a SP. 

 

For the blend of red and blue QDs (𝐴𝑅𝑒𝑑−𝐺𝑟𝑒𝑒𝑛: 75−25), blue QDs can inhibit reabsorption of 

red photons by red QDs, but they do not contribute for energy transfer or emission that can 

be absorbed by red QDs. These factors decrease the overall emission of SPs when compared 

to the other two types of SPs. For blends with either blue or green QDs but lower ratios of 

red QDs, the lack of red QDs eventually outweighs the advantages of adding a second type 

of QD and the emissions drop when compared to SPs of red QDs. 

Regarding the average number of excitons, the registered values for both blends were in 

general higher than in red SPs, specially for large SPs.  

Assuming SPs under a 10 nJ pump source and using the fitted parameters in Table 3-2, the 

average number of excitons for the red blends (〈𝑁〉𝑅𝑒𝑑) is higher for small SPs, but it quickly 

drops as the radius of the SP increases and is eventually surpassed by the 〈𝑁〉 of blended SPs 

(Figure 3-3). These results suggest that the increased interaction between QDs promoted in 

larger SPs (volume >> surface) leads to energy transfer and non-radiative recombination 

which in turn causes a drop of 〈𝑁〉 for every type of SP. However, these phenomena are more 

likely to happen in red SPs because red QDs have no neighbour higher bandgap QDs capable 

of slowing this process.  

The addition of higher bandgap QDs on the SP clearly slows these phenomena to some 

degree, resulting in SPs with an higher 〈𝑁〉. In these experiments, the blends of Red-Green 

(〈𝑁〉 𝑅𝑒𝑑−𝐺𝑟𝑒𝑒𝑛: 25−75) and Red-Blue (〈𝑁〉 𝑅𝑒𝑑−𝐵𝑙𝑢𝑒: 50−50) showed the highest 〈𝑁〉 for larger 

SPs. Nevertheless, for these devices to reach laser threshold the density of active QDs is also 
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important to stimulate emission, implying that there is a trade-off between this and the use 

of higher bandgap QDs in SPs to minimize unwanted energy transfer or non-radiative 

recombination.  

The following section covers the studies on SPs above laser threshold and these implications 

in more detail. 
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Figure 3-4. Red -Green blend SPs (75% – 25%): Fit of Eq. 2 to the Exciton/Biexciton (EBE) and Multiexciton (ME) peaks for SPs of different sizes. 
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Figure 3-5. Red -Green blend SPs (50% – 50%): Fit of Eq. 2 to the Exciton/Biexciton (EBE) and Multiexciton (ME) peaks for SPs of different sizes. 
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Figure 3-6. Red -Green blend SPs (25% – 75%): Fit of Eq. 2 to the Exciton/Biexciton (EBE) and Multiexciton (ME) peaks for SPs of different sizes. 
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Figure 3-7. Red -Blue blend SPs (75% – 25%): Fit of Eq. 2 to the Exciton/Biexciton (EBE) and Multiexciton (ME) peaks for SPs of different sizes. 
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Figure 3-8. Red -Blue blend SPs (50% – 50%): Fit of Eq. 2 to the Exciton/Biexciton (EBE) and Multiexciton (ME) peaks for SPs of different sizes. 
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Figure 3-9. Red -Blue blend SPs (25% – 75%): Fit of Eq. 2 to the Exciton/Biexciton (EBE) and Multiexciton (ME) peaks for SPs of different sizes. 
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3.3.2 Regime Above Laser Threshold 

Now that the blended SPs have been characterised below threshold and the fitting 

parameters are known, the next step is to look at their behavior above threshold. Table 3-3 

toTable 3-8 show a compilation of the SPs made of blends that were capable of reaching laser 

threshold, together with their emission spectra at different energies (below and above lasing 

threshold: Figure 3-10 to Figure 3-33), estimated threshold energies, radius and calculated 

average number of excitons per QD in the SP using both the results from the individual fits 

(Figure 3-4 to Figure 3-9) and the results in the previous section (Figure 3-1). The regime 

above laser threshold is focused on the red emission. To simplify the readings, the emission 

of green QDs was cut by plotting the spectra of Red-Green SP for wavelengths above 580 nm. 

Just like the SPs of red QDs, the SPs of blends studied in this section above threshold oscillate 

on multiple laser modes whose wavelengths range between 625 nm and 650 nm and each 

lasing peak had a linewidth limited by the resolution of the spectrometer used. 

 

Figure 3-10. PL spectra shown for a Red – Green (75% 

- 25%) SP with 2.0 ± 0.5 µm in radius at different 

energy pump levels. 

 

Figure 3-11. PL spectra shown for a Red – Green (75% 

- 25%) SP with 2.3 ± 0.5 µm in radius at different 

energy pump levels. 

 

Figure 3-12. PL spectra shown for a Red – Green (75% 

- 25%) SP with 2.7 ± 0.5 µm in radius at different 

energy pump levels. 

 

Figure 3-13. PL spectra shown for a Red – Green (75% 

- 25%) SP with 2.7 ± 0.5 µm in radius at different 

energy pump levels. 
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For similar motives to those highlighted in Section 2.7.2, the reason why not all the SPs 

showed lasing might be related to several factors. Surface roughness or debris on the SPs 

might hinder the WGMs. Likewise, a non-homogeneous pump fluence or a partial overlap 

between the pump and the SP can impact the energy threshold. These factors could explain 

why SPs of similar sizes can have different energy thresholds and estimated average number 

of excitons, ⟨N⟩. 

To simplify the reading of the estimated 〈𝑁〉𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 according to the type of blend, this 

information has been compiled in Figure 3-34 and Figure 3-35. 

  

 

Figure 3-14. PL spectra shown for a Red – Green (75% 

- 25%) SP with 2.8 ± 0.5 µm in radius at different 

energy pump levels. 

 

Figure 3-15. PL spectra shown for a Red – Green (75% 

- 25%) SP with 5.7 ± 0.5 µm in radius at different 

energy pump levels. 

 

Figure 3-16. PL spectra shown for a Red – Green (75% 

- 25%) SP with 6.4 ± 0.5 µm in radius at different 

energy pump levels. 
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Table 3-3. List of Red – Green (75% - 25%) SPs that went above the lasing threshold. The counting of SPs (SP nr) 

from their lists in Figure 3-4 is made from left to right and top to bottom. 

Red – Green: 75% - 25% 

 
Radius 

(µm) 

Epump at 

threshold 

(nJ) 

⟨N⟩ 

(Figure 

3-1) 

⟨N⟩ 

(Figure 

3-4) 

SP nr 

Figure 3-10 2.0 ± 0.5 2.6 ± 1.2 4.0 3.3 5 

Figure 3-11 2.3 ± 0.5 1.1 ± 0.3 2.2 2.4 3 

Figure 3-12 2.7 ± 0.5 1.4 ± 0.5 2.7 2.3 4 

Figure 3-13 2.7 ± 0.5 2.6 ± 1.2 2.4 2.2 7 

Figure 3-14 2.8 ± 0.5 3.1 ± 1.7 1.7 2.8 2 

Figure 3-15 5.7 ± 0.5 3.5 ± 2.1 1.7 1.9 1 

Figure 3-16 6.4 ± 0.5 10.1 ± 2.1 2.2 1.8 11 

 

 

 
Figure 3-17. PL spectra shown for a Red – Green (50% - 50%) SP with 9.0 ± 0.5 µm in radius at different energy 

pump levels. 
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Table 3-4. List of Red – Green (50% - 50%) SPs that went above the lasing threshold. The counting of SPs (SP nr) 

from their lists in Figure 3-5 is made from left to right and top to bottom. 

Red – Green: 50% - 50% 

 
Radius 

(µm) 

Epump at 

threshold 

(nJ) 

⟨N⟩ 

(Figure 

3-1) 

⟨N⟩ 

(Figure 3-5) 
SP nr 

Figure 3-17 9.0 ± 0.5 10.1 ± 2.1 2.3 2.1 1 

 

 

Figure 3-18. PL spectra shown for a Red – Green (25% - 75%) SP with 6.0 ± 0.5 µm in radius at different energy 

pump levels. 

 

Table 3-5. List of Red – Green (25% - 75%) SPs that went above the lasing threshold. The counting of SPs (SP nr) 

from their lists in Figure 3-6 is made from left to right and top to bottom. 

Red – Green: 25% - 75% 

 
Radius 

(µm) 

Epump at 

threshold 

(nJ) 

⟨N⟩ 

(Figure 

3-1) 

⟨N⟩ 

(Figure 3-6) 
SP nr 

Figure 3-18 6.0 ± 0.5 3.5 ± 2.1 1.8 2.1 15 
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Figure 3-19. PL spectra shown for a Red – Blue (75% - 

25%) SP with 2.8 ± 0.5 µm in radius at different energy 

pump levels. 

 

Figure 3-20. PL spectra shown for a Red – Blue (75% - 

25%) SP with 4.6 ± 0.5 µm in radius at different energy 

pump levels. 

 

Figure 3-21. PL spectra shown for a Red – Blue (75% - 

25%) SP with 8.0 ± 0.5 µm in radius at different energy 

pump levels. 

 

Figure 3-22. PL spectra shown for a Red – Blue (75% - 

25%) SP with 8.0 ± 0.5 µm in radius at different energy 

pump levels. 

 

Table 3-6. List of Red – Blue (75% - 25%) SPs that went above the lasing threshold. The counting of SPs from their 

lists in Figure 3-7  is made from left to right and top to bottom. 

Red – Blue: 75% - 25% 

 
Radius 

(µm) 

Epump at 

threshold 

(nJ) 

⟨N⟩ 

(Figure 

3-1) 

⟨N⟩ 

(Figure 

3-7) 

SP nr 

Figure 3-19 2.8 ± 0.5 2.6 ± 1.2 2.4 2.4 1 

Figure 3-20 4.6 ± 0.5 4.7 ± 3.3 2.6 2.3 6 

Figure 3-21 8.0 ± 0.5 12.1 ± 2.3 2.4 2.4 4 

Figure 3-22 8.0 ± 0.5 12.1 ± 2.3 2.6 2.4 7 
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Figure 3-23. PL spectra shown for a Red – Blue (50% - 

50%) SP with 1.5 ± 0.5 µm in radius at different energy 

pump levels. 

 
Figure 3-24. PL spectra shown for a Red – Blue (50% - 

50%) SP with 3.1 ± 0.5 µm in radius at different energy 

pump levels. 

 
Figure 3-25. PL spectra shown for a Red – Blue (50% - 

50%) SP with 5.7 ± 0.5 µm in radius at different energy 

pump levels. 

 
Figure 3-26. PL spectra shown for a Red – Blue (50% - 

50%) SP with 5.9 ± 0.5 µm in radius at different energy 

pump levels. 

 
Figure 3-27. PL spectra shown for a Red – Blue (50% - 

50%) SP with 7.1 ± 0.5 µm in radius at different energy 

pump levels. 
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Table 3-7. List of Red – Blue (50% - 50%) SPs that went above the lasing threshold. The counting of SPs from their 

lists in Figure 3-8 is made from left to right and top to bottom. 

Red – Blue: 50% - 50% 

 
Radius 

(µm) 

Epump at 

threshold 

(nJ) 

⟨N⟩ 

(Figure 

3-1) 

⟨N⟩ 

(Figure 

3-8) 

SP nr 

Figure 3-23 1.5 ± 0.5 2.3 ± 1.5 3.7 3.0 8 

Figure 3-24 3.1 ± 0.5 2.3 ± 1.5 --- 2.4 13 

Figure 3-25 5.7 ± 0.5 3.1 ± 1.7 3.0 2.2 1 

Figure 3-26 5.9 ± 0.5 4.7 ± 3.3 3.5 2.5 4 

Figure 3-27 7.1 ± 0.5 7.7 ± 2.2 1.9 2.8 2 
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Figure 3-28. PL spectra shown for a Red – Blue (25% - 

75%) SP with 2.5 ± 0.5 µm in radius at different energy 

pump levels. 

 
Figure 3-29. PL spectra shown for a Red – Blue (25% - 

75%) SP with 3.3 ± 0.5 µm in radius at different energy 

pump levels. 

 
Figure 3-30. PL spectra shown for a Red – Blue (25% - 

75%) SP with 3.6 ± 0.5 µm in radius at different energy 

pump levels. 

 
Figure 3-31. PL spectra shown for a Red – Blue (25% - 

75%) SP with 7.1 ± 0.5 µm in radius at different energy 

pump levels. 

 
Figure 3-32. PL spectra shown for a Red – Blue (25% - 

75%) SP with 7.8 ± 0.5 µm in radius at different energy 

pump levels. 

 
Figure 3-33. PL spectra shown for a Red – Blue (25% - 

75%) SP with 8.2 ± 0.5 µm in radius at different energy 

pump levels. 
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Table 3-8. List of Red – Blue (25% - 75%) SPs that went above the lasing threshold. The counting of SPs from their 

lists in Figure 3-9 is made from left to right and top to bottom. 

Red – Blue: 25% - 75% 

 
Radius 

(µm) 

Epump at 

threshold 

(nJ) 

⟨N⟩ 

(Figure 

3-1) 

⟨N⟩ 

(Figure 

3-9) 

SP nr 

Figure 3-28 2.5 ± 0.5 3.1 ± 1.7 2.5 2.5 1 

Figure 3-29 3.3 ± 0.5 2.6 ± 1.2 2.3 2.0 5 

Figure 3-30 3.6 ± 0.5 1.1 ± 0.3 2.0 1.4 11 

Figure 3-31 7.1 ± 0.5 8.9 ± 0.9 2.0 1.8 12 

Figure 3-32 7.8 ± 0.5 11.2 ± 3.2 1.0 1.8 10 

Figure 3-33 8.2 ± 0.5 6.8 ± 1.2 1.8 1.5 3 

 

Under the same pump conditions, the 〈𝑁〉𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 behaves differently for blended SPs and 

the red SPs studied in Chapter 2. Figure 3-34 shows a compilation of the data in this work 

(red and blended SPs, Table 2-2 and Table 3-3 to Table 3-8, respectively). For small spheres, 

the 〈𝑁〉𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 is relatively high in both cases (2 < 〈𝑁〉𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑  < 3.5). This could be due to 

the lower Q-factors associated to smaller spherical cavities, where the WGM optical path 

lengths are closer to the resonance wavelengths, the chances of coupling photons are lower, 

and therefore on average QDs need higher populations of excitons to achieve laser 

conditions.  

For larger SPs, the 〈𝑁〉𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 decays slower in blended SPs when comparing to the red 

SPs. This led to the observation of larger SPs capable of laser emission in the case of blended 

SPs. Red SPs in these experiments have only reached laser threshold for radius up to 

approximately 5 µm, whereas blends of SPs reached laser threshold for sizes of 

approximately 10 µm (radius 2× bigger) and this value was only limited by the size of the SPs 

during their synthesis. Syntheses yielding larger blended SPs could potentially produce bigger 

SPs capable of reaching laser threshold. The slower 〈𝑁〉𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 decay in blended SPs could 

be due to a lower density of red QDs in the SP that in turn requires more excitons per each 

of those QDs to reach laser threshold. Red SPs possess the highest density of red QDs so their 

〈𝑁〉𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 decays quicker as the sphere becomes bigger and the Q-factor increases. 
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Nevertheless, once red SPs get close to 4 µm in radius, internal factors (i.e. self-absorption, 

non-radiative recombination processes) and external factors (i.e. pump conditions such as 

the spot size) overcome the gain in the material and prevent them from achieving lasing. 

 

Figure 3-34. Average number of excitons per QD in the SP at laser threshold, 〈N〉Threshold, as a function of the SP 

radius. The plot compares the results for red and blended SPs. Data on the red and blended SPs can be found in 

Table 2-2 and Table 3-3 to Table 3-8, respectively. The 〈N〉Threshold was calculated from the individual spectra of 

each SP and the dashed lines are linear regressions for each set of data, simply to help visualizing the trends. 

Data suggests that using a second higher bandgap type of CQD in the synthesis of SPs inhibits 

non-radiative recombination of electron-hole pairs in QDs and self-absorption of red 

emission. These deductions derive from the fact that blended SPs were able to reach laser 

threshold for larger radii, where the WGMs occur for longer optical paths and processes such 

as self-absorption or non-radiative recombination interfere with the gain of the material 

required for laser. 

Having a closer look exclusively at the blended SPs (Figure 3-35), the data suggests that for 

SPs of blends with higher ratios of red QDs (75% and 50%), those with blue QDs need higher 

〈𝑁〉𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 to achieve lasing, when compared to blends with green QDs. This could be due 

to the passive behaviour of blue QDs (slow self-absorption in the red and scatter light) when 

compared to the active and passive behaviour of green QDs (not only do they slow 

self-absorption in the red and scatter light, but they also contribute to the pumping of red 

QDs via energy transfer or radiatively). 

For lower ratios of red QDs (25%), blue blends become the SPs with lower 〈𝑁〉𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑, likely 

because their passive behaviour is more efficient that the partial absorption and active 

behaviour of blends with green QDs. 
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Figure 3-35. Average number of excitons per QD in the SP at laser threshold, 〈N〉Threshold, as a function of the SP 

radius. The plot compares the results between blended SPs. Data on the blended SPs can be found in Table 3-3 

to Table 3-8, respectively. The 〈N〉Threshold was calculated from the individual spectra of each SP. 

 

The next two sections look at the effects blending QDs with other higher bandgap QDs have 

on the self-absorption of SPs (Section 3.4) and their implications on the Q-factor of SPs 

(Section 3.5). 

 

3.4 Reduction of Self-Absorption in SPs 

Self-Absorption in SPs was evaluated by measuring the PL peak in the red spectrum of each 

SP in the sample, for a given blend and for a given pump energy. These measurements were 

done on the same µPL setup as in Section 2.5. A representation of the distribution of PL peak 

values as a function of the pump energy can be seen below (Table 3-9). The red CQDs used 

in this experiment are the same as those in Chapter 2 and have a peak emission in dilute 

solution of 630 nm. Due to the overlap between emission and absorption in these CQDs 

(small Stokes shift), self-absorption occurs. This is exacerbated when at high concentrations, 

when non-radiative energy transfer can also take place, like in solid-state thin films or in SPs. 

The result is a shift of the PL spectrum towards higher wavelengths. 
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Table 3-9. Representation of the PL peak distribution in the red spectrum for red CQDs and its blends of green and 

blue at different ratios. 

Batch 1: Red CQDs 

 

Batch 2, 3 and 4: Red - Green CQDs 

25%-75% 50%-50% 75%-25% 

   

Batch 5, 6 and 7: Red - Blue CQDs 

25%-75% 50%-50% 75%-25% 

   

 

The 1st batch, which includes SPs exclusively of red CQDs, demonstrates that shift in the solid 

state. For low pump energies, the PL peak is approximately at 634 nm. As the pump energy 

is increased, self-absorption (or radiative energy transfer) should diminish due to filling of 

the lower energy states. However, for higher pump energies it goes up to almost 640 nm. 

This effect could be explained by the volume of the SP. At low pump energies, emission from 

the surface of the SP dominates and self-absorption of light by CQDs at the surface or near it 

is minimal – the red-shift in the emission of these SPs when compared to the emission of 

CQDs in diluted solution is then mostly caused by non-radiative energy transfer. As the pump 

energy is increased, emission of CQDs deeper within the SP contributes more and more to 
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the detected PL spectrum. Emission of such CQDs has a higher chance of interacting with 

CQDs from the outer layers and therefore it increases the likelihood of self-absorption. Non-

radiative energy transfer and self-absorption should explain, at least partially, the red shift 

dynamics according to the pump energy. 

The addition of green CQDs reduces the density of red CQDs and therefore the 

self-absorption of red photons. For low energies, there is a noticeable impact as the PL peaks 

registered almost no shift when compared to the emission of red CQDs in solution. This 

shows that non-radiative energy transfer is reduced. Nevertheless, for higher pump energies, 

these tend to the same peak values as in red SPs. Therefore, while the density is lowered, 

self-absorption is still significant for light emitted from within the SP. The 2nd batch (red-green 

25%-75%) was able to maintain the PL peak value around 630 nm up to approximately 2 nJ. 

By increasing the red CQD percentage to 50, the 3rd batch had this value decreased to 

approximately 0.1 nJ. For SPs with only 25% of green CQDs, the PL peak in the 4th batch 

already starts slightly shifted for the lowest energy pump measurements. 

The blend of blue and red CQDs is decreasing self-absorption even further. This is because 

blue CQDs do not absorb pump light nor the emission of red CQDs, increasing the chances of 

this red emission to escaping the SPs without being self-absorbed. In contrast, green CQDs 

can absorb some of the pump light and transfer this absorbed energy (radiatively and non-

radiatively) to red CQDs; in a way this improves the emission of red CQDs and therefore 

enhances the emission from CQDs deeper in the SP structure that is detected. As discussed 

before, this emission is likely to be reabsorbed before it leaves the SP, leading to a red-shift. 

The 5th batch showed no signs of self-absorption up to 5 nJ, and the 6th batch up to 

approximately 1 nJ. Although the 7th batch showed signs of self-absorption for low energies, 

the rate at which the peak is shifted is slower that the red SPs or the blends of red and green 

SPs. 

 

3.5 Enhancement of the Q-factor 

This section covers the effect blends have on the Q-factor of SPs. To study this effect, two 

SPs (both 6.0 ± 0.5 µm in diameter) were selected from the synthesized batches, one 

containing exclusively red CQDs (batch 1) and the other containing the blend of red-green 

CQDs (batch 4)[31]. The size of the SPs was measured optically with a microscope and verified 
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by the pseudo FSR of their cavities, ∆𝜈𝑛,𝑙
∆𝑙 ≈

𝑐

2π.N.𝑎
, where the radius a of a sphere with 

refractive index N can be expressed by the spacing between two consecutive modes with the 

same polarization [199]. The Q-factor, 𝑄 =
𝜆

∆λ
 , was calculated from the resonance centre 

wavelength, λ, and the resonance peak width at full width half maximum, Δλ, below lasing 

threshold [199]. 

Emission below and above lasing threshold of the red SP is shown in Figure 3-36, together 

with the respective micrographs in Figure 3-37. The red SP had its Q-factor estimated from 

the modes highlighted in grey on the normalized emission below threshold and its Fourier 

transform (Q ≈ 135 ± 19). As seen in Chapter 2, the Fourier transform is used to decompose 

the spectrum of a SP (e.g. Figure 2-8b) into their spatial frequency within the range of interest 

(Figure 2-8c). This helps with the reading of the spacing between modes, which can then be 

individually analysed to calculate the Q-factor. The lasing threshold of this red SP was around 

12 mJ.cm- 2 (Figure 3-38), but for fluences above 20 mJ.cm-2 the emission rolls over, likely due 

to electron–hole separation, charge diffusion and nonradiative recombination [209]. 

 

 

Figure 3-36. Emission of the red SP above 

(13.3 mJ.cm-2) and below (normalized PL) lasing 

threshold. 

 

Figure 3-37. Microscope images of the red SP below 

and above lasing threshold. 

 

Emission data above and below lasing threshold for the blended SP are shown in Figure 3-39 

to Figure 3-41. The presence of green CQDs reduces the density of red CQDs and therefore 
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diminishes exciton diffusion and self-absorption at the laser transition as discussed 

previously. The enhanced Q-factor (Q ≈ 340 ± 60) extracted for this blended SP is ascribed 

to this reduction in energy transfer and self-absorption. 

 

 

Figure 3-38. Laser transfer function of the red SP. 

 

The higher Q of the blend SP is also reflected in the lower slope above threshold (Figure 3-41). 

The effect of a lower density of the red CQDs on the modal gain is not only mitigated by the 

lower exciton diffusion but also by the fact that green CQD can act as donors. In turn the 

lasing threshold is not affected significantly (12 – 14 mJ.cm-2), and the SP laser is able operate 

at higher intensity without rolling over (Figure 3-41). 
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Figure 3-39. Emission of the blended SP above 

(34.8 mJ.cm-2) and below (normalized PL) lasing 

threshold. 

 

Figure 3-40. Microscope images of the blended SP 

below and above lasing threshold. 

 

 

Figure 3-41. Laser transfer function of the blended SP. 

 

3.6 Multicolour Lasers 

Studies on blended SPs presented in previous sections include blending red CQDs with CQDs 

of higher bandgaps (green; blue) that are also higher or very close to the emission of the 
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optical pump (green). However, it would also be interesting to study if multicolour lasing can 

be observed when the higher bandgap CQDs also absorb in the optical pump wavelength 

(e.g. yellow CQDs).  

Single colour laser oscillation has been demonstrated with CQDs, but prior to this work no 

reports had been made regarding multicolour laser oscillation on self-assembled SPs. Such 

multicolour lasers could pave the way for a broad range of applications including miniature 

tunable lasers, high density colour displays and sensing devices [210].  

In this section, a heterostructure SP made with an appropriate blend of yellow-red CQDs is 

used to demonstrate multicolour lasing in individual SPs and its optical properties are 

compared to SPs of exclusively yellow or red CQDs. 

 

 

Figure 3-42. Laser transfer function of a red SP (diameter: 7.6 µm) and its typical spectrum below and above 

threshold. 

 

Figure 3-42 and Figure 3-43 show the typical emission intensity responses of a red SP laser 

(intrinsic CQD emission at 630 nm, laser emission at 640 nm) and a yellow SP laser (intrinsic 

CQD emission at 575 nm, laser emission in the orange at 590 nm-595 nm) as a function of 

the pump fluence, as well as their characteristic PL below and above threshold. 
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Figure 3-43. Laser transfer function of a yellow SP (diameter: 6.8 µm) and its typical spectrum below and above 

threshold. 

 

For both single colour lasers, the threshold fluence was between 0.5 and 0.7 mJ.cm-2. Note 

that the lowest fluence at threshold here is attributed to the different setup and beam spot 

size (see Section 3.3), which led to a better pump and SP overlap, leading to more efficient 

pumping. It is not because these SP have lower threshold intrinsically.  

To test if multicolour laser oscillation could be obtained with a single SP, the third batch of 

SPs was prepared with 50 % of red CQDs and 50 % of yellow CQDs (Figure 3-44). 

Depending on the pump fluence, three laser regimes were observed. In the first regime, the 

first modes to go above the lasing threshold were in the red band and this happened 

approximately at the same fluence as their single wavelength counterparts (0.5 to 

0.7 mJ.cm-2). For the second regime, at around 2.0 mJ.cm-2, modes in the yellow band started 

to oscillate while the modes in the red band started to lose energy. Stable dual colour lasing 

was obtained at approximately 2.4 mJ.cm-2 (Figure 3-44). The third regime, at higher fluences, 

had the modes in the yellow band dominating the emission spectrum whilst modes in the 

red returned to their below threshold state. 
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Figure 3-44. Laser transfer function of a multicolour SP (diameter: 6.4 µm) and its typical spectrum below and 

above threshold. The laser transfer function of the multicolour SP has the red emission (630 – 660 nm) plotted 

on the left y-axis and the yellow emission (580 – 610 nm) plotted on the right y-axis.   

 

3.7 Conclusion 

It has been shown that blending CQDs during the synthesis of SPs is a way to control, in some 

cases enhance, the properties of these sources. 

Self-absorption of red CQDs in SPs has decreased by blending them with higher bandgap 

CQDs. This allowed an enhancement of the Q-factor, an increase in the cavity size, and an 

increase in the emission intensity per QD in self-assembled microsphere CQD lasers.  

If the bandgaps of the CQDs present in a SP are lower than the emission of the pump, 

multicolour lasing can also be observed. Three lasing regimes were successfully 

demonstrated in a single SP, as a function of the pump fluence (namely single colour red, 

single colour yellow and simultaneous dual colour red and yellow). 

These findings represent important steps towards the design of higher quality CQD 

microcavities with multicolour lasing capabilities and have great application potential for 

integrated circuits, imaging, sensing and novel photonic materials [30], [198]. 

 



 

102 

 



 

103 



 

104 

 

 

Chapter 4.  Integration of Nanocrystal Microspheres in 

Optical Systems 

 

Moving and integrating SPs into other devices is a required step to use SPs to their full 

potential. This chapter covers a successful way of doing so via transfer-printing (TfP), a “pick 

up and release” approach where a stamp retrieves loosely bound samples from a donor 

substrate and places them onto the receiving substrate [203], [211]–[213]. The term TfP was 

chosen over the traditionally used TP or µTP to avoid confusion with acronym already given 

in this thesis to tetrapods. As proof of concept of integration of SPs into other devices, TfP 

was used to couple a SP onto a waveguide and this coupling was optically studied. 

 

4.1 Mechanics of Transfer Printing 

Kinetically controlled transfer printing is described by the interaction between two 

interfaces: the interface between the stamp and the ink and the interface between the ink 

and the substrate.  

Although the term ‘ink’ is usually associated to a liquid substance, it is here used to denote 

the material to be transferred with the TfP equipment, in this case the SPs. 

The TfP reported here used a custom-made polymer μ-stamp of PDMS in a modified dip-pen 

nano-lithography system to pick up and move SPs with sub-micron resolution [214]. An 

auxiliary camera embedded in the system allowed the user to control the TfP process [215]. 

 

4.1.1 Physics of Transfer Printing 

The μ-stamp of PDMS is applied onto an ink on a donor substrate which leads to conformal 

contact and adhesion driven by van der Waals interactions. Here, the adhesion between the 

ink and the stamp is sensitive to the rate at which the stamp separates from the donor, to 
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the temperature and to its viscoelasticity. Polymers like PDMS exhibit viscoelasticity (an 

elastic and viscous behaviour) when subjected to stress. This means that when PDMS or 

similar materials are no longer under stress, their elasticity allows molecules to slowly 

recover their former spatial arrangement and the strain slowly returns to zero. Their viscosity 

implies that these materials exhibit a time-dependent strain [216]. 

When the μ-stamp is peeled from the donor substrate with enough velocity, the adhesion is 

strong enough to lift the ink from the donor onto the surface of the μ-stamp (Figure 4-1a). 

Likewise, when the μ-stamp is brought into contact with the receiving substrate and removed 

with a lower velocity, the adhesion between the ink and the μ-stamp becomes relatively 

weak and allows the ink to adhere preferentially to the receiving substrate (Figure 4-1b) 

[217]. 

 

Figure 4-1. Schematic of the “retrieval” (a) and “printing” or “releasing” (b) of a SP (ink), which correspond to 

the two process flows for kinetically controlled transfer printers [218]. 

 

The energy release rate G for steady-state velocity is often measured experimentally and is 

related to the peel force F and μ-stamp width, w, [217]: 

𝐺 =
𝐹

𝑤
   (Eq. 17) 

If the donor and receiver substrates are the same, then the energy release rate between the 

μ-stamp and ink (𝐺 
𝑠𝑡𝑎𝑚𝑝&𝑖𝑛𝑘) must be higher than the energy release rate between the ink 

and substrate (𝐺 
𝑖𝑛𝑘&𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒) for retrieval, and lower than the energy release rate between 

the ink and substrate (𝐺 
𝑖𝑛𝑘&𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒) for releasing [217]: 
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Retrieval: 𝐺 
𝑖𝑛𝑘&𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 < 𝐺 

𝑠𝑡𝑎𝑚𝑝&𝑖𝑛𝑘(𝑣) (Eq. 18) 

Release: 𝐺 
𝑖𝑛𝑘&𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 > 𝐺 

𝑠𝑡𝑎𝑚𝑝&𝑖𝑛𝑘(𝑣)  (Eq. 19) 

 

In this case, the elastic nature of both the rigid ink and the substrate implies that 

𝐺 
𝑖𝑛𝑘&𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 is independent of the μ-stamp peeling velocity. On the other hand, due to the 

viscoelastic properties of the μ-stamp, the μ-stamp energy release rate 𝐺 
𝑠𝑡𝑎𝑚𝑝&𝑖𝑛𝑘depends 

on the peeling velocity. The critical peel velocity for each μ-stamp/ink/substrate system that 

separates the retrieval and releasing regimes and determines the direction of transfer can be 

expressed as [217]: 

𝐺 
𝑠𝑡𝑎𝑚𝑝&𝑖𝑛𝑘(𝑣) = 𝐺0 [1 + (

𝑣

𝑣0
)
𝑛
]  (Eq. 20) 

where 𝐺0 is the critical energy release rate when the peeling velocity v approaches zero, 𝑣0 

is the reference peeling velocity at which the critical energy release rate doubles to 𝐺0, and 

the exponent 𝑛 is a scaling parameter determined experimentally. This equation has been 

shown to hold for either low or high peel velocity, for a wide range of temperatures, and for 

different types of interfaces [217]. 

The critical velocity, vc, that separates the retrieval and release regimes in the kinetically 

controlled transfer printing can be determined from the following two-equation system: 

{
𝐺𝑐𝑟𝑖𝑡
𝑖𝑛𝑘&𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 𝐺𝑐𝑟𝑖𝑡

𝑠𝑡𝑎𝑚𝑝&𝑖𝑛𝑘
(𝑣)

𝐺𝑐𝑟𝑖𝑡
𝑠𝑡𝑎𝑚𝑝&𝑖𝑛𝑘

(𝑣) = 𝐺0 [1 + (
𝑣𝑐

𝑣0
)
𝑛
] 

  (Eq. 21) 

This happens when the energy release rate between the ink and substrate matches the 

energy release rate between the μ-stamp and the ink (Eq. 21, 1st equation). As mentioned 

before, assuming that the elastic behaviour between the ink and substrate does not depend 

on the peeling velocity (𝐺 
𝑖𝑛𝑘&𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 =  𝑐𝑡𝑒), and the viscoelastic behavior between the μ-

stamp and ink is given by Eq.21, 2nd equation, then the critical peeling velocity, 𝑣𝑐, is found 

by solving Eq. 21: 

𝑣𝑐 = 𝑣0 (
𝐺𝑐𝑟𝑖𝑡
𝑖𝑛𝑘&𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 − 𝐺0

𝐺0
)

1

𝑛

  (Eq. 22) 
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Until here, the ink has been considered as a solid thin film. However, this is not the case when 

working with SPs or similar structures, as they do not cover the full surface between μ-stamp 

and substrate. If the fraction 𝑓, ranging between 0 and 1, (0 < 𝑓 < 1) accounts for the portion 

of surface on the μ-stamp that is covered by SPs, then the steady state peel forces and energy 

release rates are given by: 

Retrieval:  𝐹 𝑟𝑒𝑡𝑟𝑖𝑒𝑣𝑎𝑙
 = 𝑤.𝐺 𝑟𝑒𝑡𝑟𝑖𝑒𝑣𝑎𝑙

𝑎𝑣𝑒𝑟𝑎𝑔𝑒
(𝑣) (Eq. 23) 

With  𝐺𝑟𝑒𝑡𝑟𝑖𝑒𝑣𝑎𝑙
𝑎𝑣𝑒𝑟𝑎𝑔𝑒

(𝑣) = 𝑓. 𝐺 
𝑖𝑛𝑘&𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 + (1 − 𝑓). 𝐺 

𝑠𝑡𝑎𝑚𝑝&𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒(𝑣)  (Eq. 24) 

And: 

Release:  𝐹 𝑟𝑒𝑙𝑒𝑎𝑠𝑒
 = 𝑤.𝐺 𝑟𝑒𝑙𝑒𝑎𝑠𝑒

𝑎𝑣𝑒𝑟𝑎𝑔𝑒
(𝑣) (Eq. 25) 

With  𝐺𝑟𝑒𝑙𝑒𝑎𝑠𝑒
𝑎𝑣𝑒𝑟𝑎𝑔𝑒

(𝑣) = 𝑓. 𝐺 
𝑠𝑡𝑎𝑚𝑝&𝑖𝑛𝑘(𝑣) + (1 − 𝑓). 𝐺 

𝑠𝑡𝑎𝑚𝑝&𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒(𝑣)  (Eq. 26) 

 

It is also interesting to note that the comparison between the average energy release rates 

for retrieval and release, 𝐺 𝑟𝑒𝑡𝑟𝑖𝑒𝑣𝑎𝑙
𝑎𝑣𝑒𝑟𝑎𝑔𝑒

(𝑣) = 𝐺 𝑟𝑒𝑙𝑒𝑎𝑠𝑒
𝑎𝑣𝑒𝑟𝑎𝑔𝑒

(𝑣), is independent of the microstructure 

size, shape, spacing or distribution, and yields the same results as Eq. 18 – 19. 

Figure 4-2 illustrates an example of energy release rates 𝐺 
𝑖𝑛𝑘&𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 and 𝐺  

𝑠𝑡𝑎𝑚𝑝&𝑖𝑛𝑘(𝑣) 

as a function of the peeling velocity. The critical velocity (Eq. 22) is here represented at the 

intersection between the two energy release rates. Higher velocities than the point of 

intersection promote retrieval of ink and lower velocities promote release of ink [217]. 
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Figure 4-2. Schematic diagram of critical energy release rates for the ink&substrate interface and for the 

stamp&ink interface. The intersection of the horizontal line in the middle with the curve represents the critical 

peel velocity for the kinetically controlled transfer printing. Velocities below this point promote the “retrieving” 

of the object, and velocities above this point promote the “release” of the object. The horizontal lines at the 

bottom and top represent very weak and very strong ink/substrate interfaces, respectively. Adapted from [217]. 

 

Another important parameter is the influence of temperature on the viscoelasticity of the 

μ-stamp, which changes its peeling velocity. The dependence of the energy release rate on 

the temperature can be expressed as 𝐺 
𝑠𝑡𝑎𝑚𝑝&𝑖𝑛𝑘 = 𝐺 

𝑠𝑡𝑎𝑚𝑝&𝑖𝑛𝑘(𝑣. 𝛼𝑇) [217], where 𝛼𝑇 

corresponds to a temperature shift factor given by [219]: 

𝑙𝑜𝑔 10𝛼𝑇 = −𝑐1
𝑇−𝑇𝑔

𝑐2+𝑇−𝑇𝑔
  (Eq. 27) 

Where T and Tg are the current and glass transition temperatures of the μ-stamp, and c1 and 

c2 correspond to fit parameters that depend on the type of polymer the stamp is made [219]. 

This expression tends to be very accurate specially for temperature values close to the glass 

transition temperature [217]. 

Figure 4-3 illustrates how much of an impact temperature can have on the energy release 

rate, and therefore consequences on the retrieval and release processes. 



Chapter 4. Integration of Nanocrystal Microspheres in Optical Systems 109 

109 

 

Figure 4-3. Illustration of energy release rates for three different temperatures (0, 20 and 40 °C). Adapted from 

[217]. 

 

Similarly to what has been done by solving Eq. 21, the critical peeling velocity can also be 

estimated as a function of the temperature by taking into account the temperature shift 

factor. Figure 4-4 illustrates the impact the temperature has on the critical peeling velocity. 

The temperature has a strong influence in the dynamics of kinetically controlled transfer 

printing and shows that it is advantageous to retrieve objects at a lower temperature and 

release them at an elevated ones. 

 

 

Figure 4-4. Critical velocity as a function of the temperature. Velocities higher than the critical velocity 
promote the retrieval of objects and velocities lower than the critical velocity promote the release of objects. 

Adapted from [217] 

 



Chapter 4. Integration of Nanocrystal Microspheres in Optical Systems 110 

110 

4.1.2 Stamp Fabrication 

The TfP of SPs used a customized PDMS stamp cast from a mould using silicon elastomer and 

curing agent at a ratio of 10:1 (Figure 4-5). 

The tip in the centre, which was used to pick-up and drop-off SPs, corresponds to a small 

extrusion of the main block of PDMS with a length × width × height of 10 × 30 × 5 µm3. 

 

Figure 4-5. The PDMS stamp (length × width: 100 × 200 µm) used in the transfer printing process was cast from 

a mold using silicon elastomer and curing agent at a ratio of 10:1. The tip in the centre, used to pick up and 

drop SPs, corresponds to a small extrusion of the main block of PDMS (length × width × height: 10 × 30 × 5 µm). 
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4.1.3 Transfer-Printing of Microspheres 

Figure 4-6 shows a picture of the TfP system, an adapted NanoInk NLP 2000. This dip-pen 

nanolithography instrument is capable of depositing a wide variety of materials with sub-

micron accuracy and precision. It uses sets of individual pen tips (atomic force microscope 

tips) to create multi-component patterns of inks with feature sizes on the order of 

micrometres to sub-100 nm (when using dry ink) and can sweep areas as large as 10 × 10 cm2. 

Its axis system is composed of xyz piezo-driven linear stages and Tx, Ty encoded goniometer 

stages with accuracies of ±25 nm and ±0.00025°, respectively. This system was adapted by 

replacing the pen tips by a stamp holder (Figure 4-7) and the ink reservoir by a donor 

substrate made here of SPs on a glass substrate. The imaging software interface enables 

control of the digital zoom, focus positioning and light intensity. It also allows toggling 

between different image planes by storing in memory different focal points. The process can 

be visualized, captured and recorded in real time with the in-built microscope of NanoInk. 

This is done through the µ-stamp, and it is possible thanks to its optical transparency. 

 

Figure 4-6. Picture of the adapted NanoInk NLP 2000 system for TfP. 

 

Figure 4-7.Picture of NanoInk NLP 2000 

stamp holder. 

 

The TfP process can be explained in 5 steps (Figure 4-8a). First, the user chooses the SP they 

want to transfer (i). Once this is done, the system uses its stamp to pick up the desired SP by 

getting in contact with it (ii). After the pick-up, the user selects the desired location for the 

drop-off (iii). Once the SP is put into contact with the substrate, it is released (iv), and the 

process can be repeated (v). Regarding the drop-off of SPs, two substrates were tested. 

Figure 4-8b shows the drop-off of 15 SPs on a PDMS substrate, positioned in the shape of 
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University of Strathclyde logo. Figure 4-8a illustrates the drop-off on a glass substrate where 

the SP was released by coupling it to a waveguide (with microscope image shown in Figure 

4-10b). Although no estimations on the energy release rates and peeling forces were done, 

SPs showed to be easy to pick up from glass substrates using the PDMS µ-stamp. Regarding 

the release of SPs, in the case of the PDMS substrate the drop-off occurred by contact alone. 

For the glass substrate the drop-off was more difficult, but the topology of the waveguide 

assisted with the drop-off process by enabling the SP to be slid into place. 

 
Figure 4-8. Illustration of the transfer-printing process applied to the coupling of a SP to a waveguide (a): a SP 

is selected with the stamp (i). Once it is picked up (ii-iii), the stamp moves it to the target destination (iv). The 

SP is dropped (v) by being put in contact with the substrate. Another example is given below (b) where 15 SPs 

were moved to a PDMS substrate (left). The right image shows the overlapping between the University of 

Strathclyde logo and the SPs under UV light.  

 

4.2 Experimental Setup 

To visualize if light from the SPs was being coupled into waveguides, an extra camera 

(DCC1645C, Thorlabs) was installed on the µPL setup of Section 2.5 (Figure 2-7). The beam 

spot area was also changed to approximately 4.85 × 10-7 cm2. 

Regarding the sample, waveguides were fabricated through laser lithography. A 2 µm layer 

of SU-8 was spin-coated onto a glass substrate and exposed with a custom maskless laser 

lithography tool (λ = 370 nm). After developing the SU-8, the waveguides were cleaved at 

a) 

b) 

i) ii) iii) 

iv) v) 
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both ends. Resulting waveguides were 8.0 ± 0.5 mm in length with a cross-section of 

2 µm × 2 µm, which makes them multimode at the wavelength of interest (visible light 

spectrum) with a high numerical aperture (NA) for input coupling and compatible with 

several optical interconnect techniques [220]. The propagation losses were measured with a 

narrow linewidth tunable laser (λ = 1550 nm). Propagation loss of the waveguides was 

measured using the Fast Fourier Transform method and estimated to be less than 3 dB.cm−1 

for the fundamental mode [221]. These waveguides were made by Dr. John Mcphillimy and 

the SP, made of red CdxSe1-x/ZnS CQDs (Section 2.2), were transferred with the help of Dr. 

Benoit Guilhabert and Matěj Hedja. 

 
Figure 4-9. Schematic of the µ-PL setup with edge detection: i) Pump source (532 nm laser); ii) Waveplate; iii) 

Polarized beam splitter; iv) Beam dump; v) set of neutral density filters; vi) mirrors; vii) beam expander with 

attenuator wheel incorporated; viii) setup with a mounted objective lens (4×/0.13) and a xyz stage where the 

sample is placed; ix) set of 3 beam splitters and a long pass filter (550 nm); x) Spectrometer fiber-coupled to 

the setup; xi) CCD camera; xii) lamp; xiii) detail of SP-waveguide coupling; xiv) CCD camera with a long pass 

filter incorporated (550 nm). Green arrows represent the path of the laser from the pump, red arrows represent 

the path of the laser from the SP and yellow arrows represent the light path of the lamp. 

 

Measurements were taken in the dark and a long pass filter (FEL0550, Thorlabs) was attached 

to the camera to cut off stray light from the pump. SPs were coupled and pumped on one 

end of the waveguide and the camera was focused on the facet of the other end. When the 

SP is pumped, if emitted light is coupled onto the waveguide, it will travel all the way through 

and be visible at the end, at the furthest facet, where the camera was placed for the facet 
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imaging. Images were acquired and processed for different pump fluences. The updated 

setup is shown in Figure 4-9, and the experimental results in the following section. 

 

4.3 Optical Coupling of SPs to Waveguides 

The illustration of the device during the measurements can be seen in Figure 4-10a. The SP 

was placed near one of the two extremities of the waveguide (Figure 4-10b), and the 

detection took place on the facet of the other extremity (Figure 4-10c), approximately 8 mm 

away. Insets i) and ii) of Figure 4-10a are zoomed images that illustrate the device operating 

and correspond to the microscopic image in Figure 4-10b and added CCD camera view in 

Figure 4-10c, respectively. 

In dark room conditions, the SP was excited at different optical pulse energies and the CCD 

camera acquired a micrograph of the facet for each one of these energies while the emission 

spectrum of the SP was being recorded through the µPL setup. The top emission data 

acquired from the spectrometer and the corresponding facet emission data acquired by the 

CCD camera can be seen in Figure 4-11. 

Images acquired by the CCD camera were then processed by calculating the signal-to-noise 

ratio (SNR) between the pixel intensity with the laser off (noise) and laser on (signal), given 

by Eq. 28. 

𝑆𝑁𝑅 = 10𝐿𝑜𝑔10 (
𝑠𝑖𝑔𝑛𝑎𝑙

𝑛𝑜𝑖𝑠𝑒
)
2

 (Eq. 28) 

 

The collected spectra were split between the modes in intervals of 3.5 nm and compared 

with the SNR from the images. Results show that the waveguide output is strongly correlated 

to the longest wavelength modes (644 - 647.5 nm), whereas modes emitted at lower 

wavelengths are barely coupled into the waveguide. The exact reasons for this are still under 

investigation but could be explained by the geometry of the system and the region of the 

WGMs. The diameter of the SP (7.7 ± 0.5 µm) is bigger than the cross-section of the 

waveguide (2 µm × 2 µm). Once the SP reaches laser threshold, the first modes are likely 

confined to the equatorial region. However, higher pump energies may enable higher 

azimuthal modes that overlaps more and are more easily coupled to the waveguide (Figure 

4-12). These have a higher threshold because of coupling with and scattering from the 
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waveguide. Their higher wavelength is also probably, at least partly, caused by the 

interaction with the waveguide, which breaks the symmetry and contribute to lifting the 

mode degeneracy. 

 

Figure 4-10. Illustration of the SP – waveguide coupling setup (a), where the sample is simultaneously aligned 

with the laser pump (a-i) and the CCD camera (a-ii). The SP (radius ≈ 3.9 ± 0.3 µm) is being pumped on one edge 

of the waveguide, and the other edge the facet is being monitored by the CCD camera, which is preceded by a 

long pass filter (550 nm) to cut any light from the pump (532 nm). Figures b) and c) show microscope and CCD 

camera views and correspond to illustrations a-i) and a-ii), respectively. 
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Figure 4-11. Readings from the spectrometer and CCD camera as a function of the optical pump energy. 

Acquisitions were made simultaneously and compared with each other to verify which modes were coupled 

into the waveguide. This compound figure compiles the spectra of the SP at different optical pump energies 

acquired on the spectrometer (left column) and the images obtained at the end of the cleaved facet of the 

waveguide where light is being coupled (mid column). For each of those energies, the column on the right shows 

the normalised counts integrated over the highlighted wavelengths (labelled in a range of red colours) using 

the data from the spectrometer (left column), and the normalised signal to noise ratio pixel intensity of the 

image (mid column) labelled in black. Labels on the axes of the spectra in the left column were left out to 



Chapter 4. Integration of Nanocrystal Microspheres in Optical Systems 117 

117 

simplify the figure (the x-axis corresponds to the wavelength in nm, and the y-axis to the counts normalised to 

the maximum intensity obtained at 13.6 nJ).  

 

 
Figure 4-12. Representation of two different WGMs for a given wavelength propagating in a SP and how it can 

affect the coupling between a SP and waveguide (the waveguide being 2 × 2 µm2 in cross-section). 

 

4.4 Conclusion 

In this chapter, the basics of kinetically controlled TfP were covered. These included a brief 

description of the equipment, the mechanics behind it and the physics involved in retrieving 

and releasing objects. 

The TfP technique was shown to be a reliable way of transferring SPs between substrates and 

printing them at a desired location without affecting their emission below and above lasing 

threshold. For this purpose, a customized µ-stamp with a small extrusion was fabricated to 

transfer SPs individually. 

As proof-of-concept, an integrated application was demonstrated by successfully coupling 

modes of a SP to a waveguide. 

The results above have shown that the transfer printing method is a strong contender for 

future integrated photonic applications of SPs. The successful coupling of SPs to waveguides 

has shown that SPs have potential for integrated applications, paving the way to more 

complex designs with them. 
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Chapter 5.  VLC and Self-Assembly Studies on Exotic 

Nanocrystals 

 

The research presented in this chapter is a compilation of studies done on more exotic NCs. 

These studies can be subdivided in two parts. The first half summarized work initiated during 

a 3-month collaboration with the Nanyang Technological University (LUMINOUS! Research 

group, under supervision of Prof. Hilmi Volkan Demir). It comprises the study of three other 

main classes of NCs: Copper-doped quantum dots, tetrapods and nanoplatelets (Cu-doped 

QDs, TPs and NPLs, respectively) for the self-assembly of SPs. The second half comprises work 

on the synthesis and analysis of CsPbBr3@Cs4PbBr6 crystals, as well as studies of the 

luminescence and bandwidth properties of related composite samples before and after being 

placed in contact with water [222]. 

 

5.1 Self-Assembly Studies using Exotic Nanocrystals 

The three classes of NCs studied here were copper doped CdSe QDs, CdSe TPs, and CdSe 

NPLs. Their syntheses follow procedures similar to those already published by the 

LUMINUOUS! Group [223]–[227]. 

In terms of morphology, doped QDs do not differ much from the regular QDs shown in 

Chapter 2. On the other hand, TPs and NPLs are NCs with non-spherical configurations, which 

can potentially affect their self-assembly into microspheres. 

The motivation behind this research was to assess if such nanomaterials were capable of self-

assembling into SP microspheres and thus create whispering gallery mode (WGM) 

resonators. Successful results would allow one to explore the lasing of such SPs. Other 

properties such as Förster Resonance Energy Transfer (FRET) could also be studied by 

enabling the mixing of different NCs with synergistic characteristics during self-assembly. 
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The following sections summarize a general background on these types of materials and the 

self-assembly results with each one of them. 

 

5.1.1 SP Microspheres of doped Quantum Dots 

When doped with metal ions, QDs and other NCs can benefit from unique optical and 

photophysical properties over their undoped counterparts, such as large Stokes shift to avoid 

self‐absorption or energy transfer, longer excited‐state lifetimes, wider spectral window, and 

improved chemical and thermal stability [228], [229]. These properties and their high QY in 

the infrared have motivated the study of doped CQDs in several different applications (e.g.: 

solar cells, photovoltaics, lasers, passive heaters, etc.) [229]. 

 

 

Figure 5-1. Illustration of the two typical pathways of radiative recombination in Cu-doped QDs. Band edge 

emission prevails in the presence of a hole in the valence band (left diagram). If the Cu state is optically active 

(𝐶𝑢+2) and there are no holes present in the valence band (or they have been captured by hole traps), then the 

dopant emission takes place (right diagram). 

 

In this section, Cu-doped CQDs were used in the self-assembly of SPs and therefore a more 

in-depth explanation of their radiative recombination mechanism is given below [230]. 

The emission of Cu-doped CQDs has been attributed to the optical transition that couples the 

electron band-edge state to the Cu impurity state (Cu state). If the Cu state is in its +1 

oxidation state (𝐶𝑢+1), then activation of the impurity band occurs via non-radiative capture 

of a hole from the valence band 𝐶𝑢+1⟶ 𝐶𝑢+2. Otherwise, the Cu state can be considered 

as occupied with a permanent hole if the copper ion is in its +2 oxidation state (𝐶𝑢+2), and 
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therefore only a conduction band electron is required for the dopant emission to happen. 

After this emission process, the electron ends up decaying non-radiatively from the Cu state 

to the valence band [230].  

An exception to the dopant emission occurs if in the addition of a conduction band electron 

there is also a photogenerated hole in the valence band. In this case, the fast recombination 

time scales of the band edge emission (30 – 60 ns) compared to those of the Cu-dopant 

emission (up to 1000 ns) favour the band edge emission [230]. 

In addition to 𝐶𝑢+1 states, surface treatment of the CQDs can also help with the capture of 

holes from the valence band. For example, ligands can add fast hole traps that will capture 

additional holes, and therefore further enhance the dopant emission and suppress the band 

edge emission [230]. Figure 5-1 illustrates the 2 pathways of radiative recombination in Cu 

doped QDs mentioned above (band edge emission and dopant emission) [229].  

The typical emission and absorption spectra of these NCs can be seen in Figure 5-2 and Figure 

5-3. 

 

5.1.1.1 Synthesis of Cu-doped CdSe QDs 

The synthesis of Cu-doped CdSe QDs follows similar steps to those of regular QDs seen in 

Section 1.5.1, but requires special care during the nucleation and growth of QDs to guarantee 

the incorporation of Cu ions in CdSe QDs and avoid the separate formation of Cu2-xSe particles 

[231]. Methods to prepare such QDs include colloidal precipitation with proper tuning of 

reagent and surfactant concentrations [231] or cluster-seeded synthesis, a method that uses 

organometallic clusters as nucleation centers for QDs [232]. 

For this case study, core-only CQDs (CdSe, Cu-doped, approximately 3 nm in diameter), and 

core (CdSe, Cu-doped)/ shell (CdS) CQDs, approximately 5 nm in diameter, were synthesized 

at NTU and used here. Both have a signature emission with two peaks, at approximately 600 

nm corresponding to the first excitonic transition, and the other in the infrared, at 

approximately 800 nm coming from the Cu dopant. Their respective emission and absorption 

spectra measured in solution can be seen in Figure 5-2 and Figure 5-3. 
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Figure 5-2. PL spectrum of Cu-doped core and 

core/ shell quantum dots. 

 

Figure 5-3. Absorbance spectrum of Cu-doped core and core/ 

shell quantum dots. 

 

5.1.1.2 Synthesis of Cu-doped CdSe Microspheres 

The recipe described in Section 2.4 was applied to synthesize SPs of core and core/shell Cu-

doped QDs.  

 

Figure 5-4. Core Cu-doped microsphere solution 

diluted in water (1:50). Microscope objective: ×20. 

 

Figure 5-5. Core Cu-doped microsphere solution 

(initial solution). Microscope objective: ×20. 

 

Characterization of the size and shape of the resulting SPs was done under the microscope. 

Figure 5-4 and Figure 5-5 display SPs of core Cu-doped QDs, with sizes ranging between 5 and 

10 µm, approximately. Figure 5-6 and Figure 5-7 display SPs of Cu-doped core/ shell QDs, 

with sizes ranging between 3 and 7 µm, approximately. 
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Figure 5-6. Core shell Cu-doped QD microspheres 

(initial solution). Microscope objective: ×63. 

 

Figure 5-7. Core shell Cu-doped QD microspheres 

diluted in water (1:50). Microscope objective: ×63. 

 

5.1.2 Microspheres of Tetrapods 

TPs are nanocrystals made of a core from which four arms are grown, hence the name. Their 

geometry helps a more efficient capture of photons, and allows the self-assembly into 

percolating networks, providing an efficient way to create electronic pathways in devices that 

rely upon charge transport [233], [234]. Moreover, they can also allow higher energy 

radiative transitions via spatially indirect recombination [235]. Similarly to other NCs, TPs can 

also be found in a range of applications such as photovoltaics, optoelectronics, and 

mechanical devices [233]. 

 

5.1.2.1 Synthesis of CdSe Tetrapods 

The synthesis of TPs relies mainly on the precise control of mechanisms such as 

polymorphism, twinning, oriented attachment, splitting crystal and tailored growth during 

formation of NCs to promote the characteristic branched growth [233], [236], [237]. 

The colloidal TPs used for this experiment were core Cu-doped CdSe TPs and core Cu-doped 

CdSe/ shell CdS TPs with a core of approximately 4 nm and arms of approximately 25 nm. 

Similarly to Cu-doped QDs, these also have a signature emission with two peaks, at 

approximately 600 nm corresponding to the first excitonic transition, and the other in the 

infrared, at approximately 800 nm coming from the Cu dopant. Their emission and 

absorption spectra can be seen in Figure 5-8 and Figure 5-9. 

6.4 µm 6.4 µm 
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Figure 5-8. PL and absorbance spectra of Cu-doped 

core TPs. 

 

Figure 5-9. PL and absorbance spectra of Cu-doped core/ 

shell TPs. 

 

5.1.2.2 Synthesis of Tetrapod Microspheres 

The recipe in Section 2.4 was here applied to successfully synthesize SPs of core Cu-doped 

CdSe TPs and core Cu-doped CdSe/ shell CdS TPs. 

 

Figure 5-10. Core Cu-doped TP microspheres diluted in 

water (1:50). Microscope objective: ×63. 

 

Figure 5-11. Wider view of Fig. 40. Microscope 

objective: ×20. 

 

Figure 5-10 and Figure 5-11 display SP microspheres of core Cu-doped TPs seen under 

different objectives. The size of these microspheres ranged between 1 and 2 µm, 

approximately. Figure 5-12 shows microspheres of core/ shell Cu-doped TPs with sizes 

ranged between 2 and 4 µm, approximately. 
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Figure 5-12. Core/Shell Cu-doped TP microsphere (solution diluted in water-1:50). Microscope objective: ×20. 

 

5.1.3 Microspheres of Nanoplatelets 

In general and due to their quantum confinement properties, NPLs tend to present narrower 

emission linewidths, higher oscillator strengths, larger exciton binding energies, and higher 

absorption cross-sections when compared to QDs due to their geometry [238]. CdSe-based 

NPLs are of particular interest as their findings comprise lasing research outputs on undoped 

core NPLs, with their possible heterostructures [239]. Undoped core-shell and core-crown/ 

shell NPLs have ultralow optical gain thresholds and show FRET, as a function of the crown/ 

shell enclosure [240], [241] and NPL orientation [242], respectively. For optoelectronic 

applications, it is also worth noting that NPLs can have up to near-unit FRET efficiencies [243]. 

Regarding electric injection, namely for LED applications, NPLs display a narrow 

electroluminescence and tuneablity [244]. This class of new materials shows promise for 

developing new high-performance LEDs [245]. Doped core NPLs display a largely Stokes-

shifted PL emission peak with near-unity quantum yields, which arises from the intermediate 

energy band gap level introduced by the dopant ions [226]. Properties such as these make 

them useful for energy transfer applications, such as luminescent solar cell concentrators. 

 

5.1.3.1 Synthesis of Nanoplatelets 

Colloidal CdSe-based NPLs are typically synthesized in two different crystal structures, 

namely hexagonal wurtzite CdSe nanoribbons or quantum belts, and cubic zinc blende CdSe 

NPLs [246]. NPLs with a wurtzite crystal structure form by low-temperature based lamellar-

like template growth, whereas their cubic zinc blende counterparts form either by oriented 

attachment, soft templated formation, growth driven by precursor insolubility or syntheses 

20 µm 
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without short ligands [246]. Posterior growth of different layers, such as CdS shells on CdSe 

NPLs, can also be done with atomic layer precision via colloidal atomic layer deposition [227]. 

When NPLs are synthesized with only a few monolayers thickness, and grown by extending 

exclusively their lateral size, they can lead to the formation of multiwall rolled-up 

nanostructures where the spontaneous folding can be induced by chiral ligands and the 

nanostructure characteristics [247]. 

 

Figure 5-13. PL and absorbance spectrums of Cu-doped 

core rolled NPLs.  

 

Figure 5-14. PL and absorbance spectrums of Cu-doped 

core/ shell flat NPLs. 

 

In this section, two different types of NPLs were tested for self-assembly into microspheres: 

2D flat (rectangle-shaped) and rolled (cylinder-shaped) NPLs. The PL and absorbance spectra 

of rolled NPLs, made of core Cu-doped CdSe, and flat NPLs, with a Cu-doped CdSe core and 

CdS shell can be found in Figure 5-13 and Figure 5-14, respectively. Rolled NPLs and flat NPLs 

asymmetry could prove particularly challenging for the self-assembly process, especially in 

the case of flat NPLs where the surface to volume ratio is high and can therefore lead to a 

preferential assembly orientation. 

 

5.1.3.2 Synthesis of rolled Nanoplatelet Microspheres 

The rolled NPs in this section were approximately 2.5 ML thick and after rolling themselves, 

they were approximately 100 × 40 nm2 in size. Again, the same recipe as above and as in 

Section 2.4 was applied to synthesize SPs of core Cu-doped CdSe NPLs and core Cu-doped 

CdSe/ shell CdS NPLs. Figure 5-15 displays microspheres of rolled Cu-doped NPLs successfully 
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self-assembled, as seen under the microscope. The size of these microspheres ranged 

between 3 and 5 µm, approximately.  

 

 

Figure 5-15. SPs of Cu-doped rolled NPLs (Microscope objective ×63). 
 

5.1.3.3 Synthesis of flat Nanoplatelet Microspheres 

Flat NPLs used in this section were approximately 14 × 15 nm2 in width × length. They did not 

self-assemble into SPs with the standard protocol of Section 2.4. Instead, they showed a 

tendency to stack with each other. The resulting stacks formed micro-sized clusters, but not 

spherical enough to have WGMs (Figure 5-16). 

 

Figure 5-16. SPs of Cu-doped NPLs. Microscope objective ×20. 

 

To avoid stacking and compensate for the difficulty flat NPLs have in forming a spherical SP 

structure, an additional transparent polymer (PMMA) was added to the recipe as buffer. The 

recipe in Section 2.4 was tested again with 4 different percentages of PMMA (5%, 10%, 30% 

20 µm 

6.4 µm 
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and 50%) added to the ‘oil solution’. Here, the PMMA percentage is relative to the mass of 

NPLs used. 

  

 

Figure 5-17. SPs of Cu-doped NPLs. PMMA: 5% of NPLs 

by mass. (Microscope objective ×63). 

 

Figure 5-18. SPs of Cu-doped NPLs. PMMA: 10% of 

NPLs by mass. (Microscope objective ×63). 

  

 

Figure 5-19. SPs of Cu-doped NPLs. PMMA: 30% of 

NPLs by mass. (Microscope objective ×63). 

 

Figure 5-20. SPs of Cu-doped NPLs. PMMA: 50% of 

NPLs by mass. (Microscope objective ×63). 

 

The addition of PMMA contributed to the assembly for better SP microspheres. From these 

four experiments, the mass ratio of NPLs: PMMA to achieve the best results was 3: 10. Lower 

ratios (5% and 10%) also formed SPs, but their shape was far from the desired result (Figure 

5-17 and Figure 5-18). The transition from 10% to 30% of PMMA proved to be significant. 

Figure 5-19 shows microspheres which are now well defined and have a closer size 

distribution. Higher amounts of PMMA, such as the example of 50% depicted in Figure 5-20, 

show the same self-assembly improvements but at the cost of lower optical properties due 

to higher amounts of buffer material (PMMA) and lower amounts of active material (NPLs). 

6.4 µm 6.4 µm 

6.4 µm 6.4 µm 
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The overall size of microspheres in these experiments was between 1 and 5 µm, 

approximately. 

 

5.1.4 Microspheres of Nanoplatelets and QDs 

This experiment comprised the preparation and study of 5 different types of microspheres 

made of Cu-doped CdSe/ shell CdS rolled NPLs and QDs. The goal was to observe how the 

self-assembly behaves with two distinct components, with different shapes, to further study 

energy transfer between them. The samples were self-assembled with the following ratios 

(NPLs: QD): 100:0; 75:25; 50:50; 25:75 and 0:100. 

 

Figure 5-21. SPs of Cu-doped rolled NPLs and QDs. Ratio between NPLs and QDs, from a) to e): 100:0; 75:25; 

50:50; 25:75; 0:100 (Microscope objective ×63). 

 

Although SPs varied in size from synthesis to synthesis, microspheres were observed in all 

the 5 syntheses (Figure 5-21). These results could be promising for further experiments and 

characterizations as they could enable synergy between WGMs and FRET. 

 



Chapter 5. VLC and Self-Assembly Studies on Exotic Nanocrystals 131 

131 

5.1.5 Summary on SP assembly using exotic NCs 

During this work, self-assembly of different exotic NCs into microspheres has been 

successfully demonstrated.  

Results suggest that QDs, TPs and rolled NPLs have the ability to self-assemble into well-

defined microspheres without the help of additional buffers. On the other hand, due to their 

tendency to stack, flat NPLs required a percentage of PMMA to achieve the same results. 

The small shifts in size of the SPs observed between experiments can be explained by 

fluctuations in the concentration of surfactant (PVA) and solute (NCs). The accuracy of the 

measurements to estimate the concentration of NCs and the evaporation rate of Chloroform 

during the process might also affect the final size of the microspheres. 

Regarding the next steps, testing the SPs studied in the sections above under optical pumping 

is one of the main priorities. SPs made of Cu-doped NCs do not reabsorb the emitted infrared 

light and should therefore provide cavities with high Q-factors in the infrared with potential 

applications as biosensors. Likewise, NPLs benefit from narrower emission linewidths, higher 

oscillator strengths, larger exciton binding energies, higher absorption cross-sections and 

lower Auger recombination rate when compared to colloidal quantum dots and could 

therefore improve current QD based SPs. 

 

5.2 Water Resistant All Inorganic Halide Perovskite Composites for VLC 

Solid-state lighting and display technologies rely on UV/blue GaN LEDs, or in some special 

cases laser diodes, to optically pump phosphors [248], [249]. For the purpose of high light 

quality and/or wide colour gamut, a combination of narrow-band red and green phosphors 

are often used [250]. For device processing and operation stability, phosphors are also 

required to be heat and water resistant [250], [251]. However, the very long PL lifetime of 

phosphors precludes their utilization in applications requiring high speed modulation of the 

light, e.g. VLC [25], [26]. 

As seen in Chapter 1, Perovskite QDs of the form CsPbX3, where X corresponds to a halide ion 

[151], represent an alternative to phosphors for such applications and are particularly 

attractive because they have the fastest dynamics of all known QDs [13], [252]. Despite these 

advantages, Perovskite QDs have limitations in terms of stability. Several approaches have 
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been reported to improve their thermal stability [253], [254], but their sensitivity to oxygen 

and moisture continues to be a problem and few solutions have been reported to address 

this [254]–[256]. 

A promising material for narrow-band green colour conversion is the so-called 

CsPbBr3@Cs4PbBr6 [46] (see Section 1.2.2). It consists of CsPbBr3 QDs formed within the wide 

band gap material Cs4PbBr6, which acts as a host matrix for the QDs [47], [257]. As opposed 

to CQDs, these CsPbBr3 QDs are inherently included within Cs4PbBr6 and have no organic 

ligands on their surfaces, which is beneficial for thermal stability and photostability. The band 

edge emission of such material has been shown to be practically temperature invariant [46]. 

However, a low-cost method to enhance the stability of CsPbBr3@Cs4PbBr6 upon water 

exposure remains a challenge. 

To shield the CsPbBr3@Cs4PbBr6 crystals, two common polymeric materials soluble in the 

same solvent as the crystals, namely poly(methyl methacrylate) (PMMA), and 

polydimethylsiloxane (PDMS) were here studied as encapsulating matrices hosting the 

CsPbBr3@Cs4PbBr6 crystals. The following sections report the synthesis of these samples and 

the methods for PL. These are followed by the results of PL measurements prior to and after 

immersion in water are discussed. Initial characterization of the optical bandwidth of the 

samples is also presented at the end of this study. 

 

5.2.1 Synthesis of Ceasium Lead Bromide Crystals 

The synthesis of ceasium lead bromide crystals was prepared by our colleague Dr. Ian 

Watson. Stoichiometric amounts of ceasium bromide and lead bromide at a 4:1 mole ratio 

were dissolved together in a minimum quantity of dimethylsulphoxide solvent for the 

CsPbBr3@Cs4PbBr6 preparation. This precursor solution was placed in an open inner vial 

inside a sealed outer jar containing chloroform. Vapour diffusion of the chloroform into the 

metal salt solution was completed over about 24 hours and caused formation and 

precipitation of the crystalline solids.  
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Figure 5-22. Synthesized bulk CsPbBr3@Cs4PbBr6 crystals under UV illumination. 

 

This method follows previously reported preparations, but with chloroform acting as an 

antisolvent [46]. The collected crystals, with sizes ranging from a few hundreds of µm to mm, 

were washed with chloroform and dried under atmospheric pressure at 60 ºC (Figure 5-22). 

Manual grinding was done with an agate pestle and mortar. 

 

5.2.2 Preparation of Samples 

Two PMMA samples were fabricated by dissolving and stirring PMMA (Sigma-Aldrich) in 

toluene, together with ground CsPbBr3@Cs4PbBr6. A mass ratio of 3:1 was used for PMMA 

and crystals. The solvent was left to evaporate over time, under atmospheric pressure and 

temperature. One of the PMMA samples, a slab with a thickness of approximately 1 mm, was 

tested as it was after the PMMA polymerization (PMMA slab). The second sample, also a slab 

with a thickness of approximately 1 mm, was additionally encapsulated in PDMS (PMMA slab 

encapsulated in PDMS). Both PMMA slides were cast in a mould made of PDMS (Sylgard 184, 

Dow Corning) with a mass ratio between elastomer and curing agent of 10:1 and cured at 

room temperature. 

Two other PDMS samples were prepared by stirring PDMS (Sylgard 184, Dow Corning) with 

ground CsPbBr3@Cs4PbBr6. A mass ratio of 3:1 was used between PDMS and crystals, and a 

mass ratio of 5:1 between elastomer and curing agent. These composites were cast in a 

mould made of PDMS (Sylgard 184, Dow Corning) with a mass ratio between elastomer and 

curing agent of 10:1 and cured at 60°C. One of the samples was molded in the shape of a 

slab, approximately 1mm thick (PDMS slab), and the other in the shape of a thicker 

composite, approximately 3mm thick (PDMS thick). Crystal sedimentation was observed 
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during the preparation of PDMS samples. This led to a heterogeneity in the concentration of 

CsPbBr3@Cs4PbBr6 in the PDMS slab and to a lower effective concentration of 

CsPbBr3@Cs4PbBr6 in the PDMS thick sample. 

The PDMS and PMMA slabs with ground CsPbBr3@Cs4PbBr6 were tested to see how these 

encapsulation methods would protect the NCs when in the presence of water. The PMMA 

slab encapsulated in PDMS was studied to see if there were any benefits in using a PDMS 

coating, when compared to the bare PMMA slab. Finally, the thick PDMS sample was made 

to test if the surface area could make a difference during the exposure to water. PDMS is a 

flexible material and the PDMS slab can bend and be exposed to different amounts of water. 

A thick and bulk sample will minimize that exposure difference. The four samples above can 

be seen in Figure 5-27. 

 

5.2.3 Sample Characterization – Methods 

 

5.2.3.1 Phase Analysis of Perovskite Crystals  

X-Ray Diffraction (XRD) analysis was performed on ground CsPbBr3@Cs4PbBr6 crystals using 

a Bruker D8 Discover diffractometer (GX000915), and Copper radiation at a wavelength of 

1.5406 Å. 

 

5.2.3.2 Set-up for PL and Absorption Measurements 

A 100×100 µm2 450 nm-emitting µLED was used as pump source to measure the PL of all 

samples. Two sets of two lenses each (aspheric lenses, Numerical Aperture, NA=0.621 and 

diameter of 45 mm, Thorlabs) were used to, respectively, image the µLED light onto the 

samples, and to collect the sample’s emission onto the detector. A fibre-coupled CCD 

spectrometer (Ocean Optics, USB 4000; resolution: 2 nm at full width half maximum) was 

used to acquire the emitted spectral data (Figure 5-23). 
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Figure 5-23. Schematic of the PL setup used to characterize the composites: i) fiber coupled CCD spectrometer 

with long pass filter (λ=500 nm) connected to the PC; ii) plano convex lenses; iii) sample holder; iv) µLED 

 

The absorbance was measured by replacing the pump source in the setup described above 

by a tungsten halogen lamp (Ocean Optics, HL-2000). Blank composite samples (i.e. with no 

CsPbBr3@Cs4PbBr6 crystals) of PDMS and PMMA were used as reference samples. 

 

5.2.3.3 Bandwidth Setup 

The frequency response and bandwidths of colour converters are important characteristics 

for their use in VLC (see Chapter 1). The optical bandwidth measurements for the perovskite 

samples here studied will be now covered in detail. Regarding the optical setup, a network 

analyzer (Hewlett Packard 8753ES) was employed to produce a radio frequency (RF) electrical 

signal. A bias-T compatible with the bandwidth range of the RF signal is then used to insert 

DC power from a DC source (TENMA 72-10480) into the RF signal. First, this setup is calibrated 

by measuring the reference of the added signal directly onto the network analyzer, with the 

DC source off. Then, the modulated signal is plugged to a light source (µLED), and all the 

measured signals that go through the optical circuit with the DC source on have the reference 

subtracted from them. 

The optical setup (Figure 5-24) uses a set of lenses to converge light from the µLED onto the 

sample and a second set of lenses to focus the PL onto the avalanche photo detector 

(APD430A2/M, Thorlabs), APD, covered by a Long Pass Filter (500nm) to cut the blue light 

coming from the light source. The photo receiver sends an electrical response back to the 

network analyzer where the data is processed and saved on a floppy disk. Two sets of 

measurements are done. A first one, that measures the background (BandwidthBackground), and 

a second one, that measures the sample’s response and the background (BandwidthTotal). 

Responses are acquired for a range of different input currents. 
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The bandwidth measurements have a range of frequencies being swept while recording the 

detected light intensity. The component of the frequency response of the sample at each 

frequency is given by: 

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑆𝑎𝑚𝑝𝑙𝑒 = 𝐵𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ 𝑇𝑜𝑡𝑎𝑙 − 𝐵𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 (Eq. 29) 

The response of the sample can be modelled, as a first approximation, to a low pass filter 

with a mono-exponential decay of the excited state: 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 (𝜈) ≡ 𝑀(𝜈) = (1 + (2πν)2τav
2 )−1  (Eq. 30) 

where 𝜈 corresponds to the frequency at which the response was taken, and 𝜏av to the 

effective lifetime of the sample [26]. 

Readings from this network analyzer come in dB, therefore the acquired response as a 

function of the frequency is given by: 

𝑀𝑑𝐵 (𝜈) = k − 10Log10(1 + (2πν)
2τav
2 )  (Eq. 31) 

Where k corresponds to the frequency response when the frequency tends to 0. 

As the signal is provided by an electrical source, the data from the network analyser is the 

electrical power spectrum, which is proportional to the square of the photocurrent. The 

optical bandwidth is therefore given by the frequency at which the signal drops by 6 dB [258]. 

The average lifetime and the optical bandwidth of the sample are related by [49]: 

𝑓−6𝑑𝐵 =
√3

2.𝜋.𝜏𝑎𝑣
   (Eq. 32) 
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Figure 5-24. Bandwidth measurement setup with the inset schematic: i) photoreceiver; ii) long pass filter (λ=500 

nm); iii) plano convex lenses; iv) sample holder; v) positive meniscus lens; vi) µLED. 

 

5.2.4 XRD on CsPbBr3@Cs4PbBr6 Crystal Samples 

Figure 5-25 shows a powder diffraction pattern from a ground portion of the 

CsPbBr3@Cs4PbBr6 crystal preparation with nominal Cs4PbBr6 stoichiometry, compared with 

a stick-plot representation of the literature pattern of rhombohedral Cs4PbBr6 [46]. A log 

scale has been used for clear presentation of weaker peaks. Positions of stronger peaks from 

our preparation match those expected from the Cs4PbBr6 phase, although there is evidence 

of preferred orientation effects on relative peak intensities, and one peak attributable to the 

CsBr starting material. Figure 5-25 is also labelled with peak positions calculated for cubic, 

perovskite-phase CsPbBr3 with a lattice constant of 5.84 Å, and there are clear matches for 

the 100, 110 and 210 reflections. The CsPbBr3 111 reflection cannot be observed, but is weak 

in reported powder patterns of bulk material [259]. The findings just discussed are consistent 

with those of previous authors who have presented XRD evidence for spontaneous formation 

of CsPbBr3 NCs within a bulk crystalline Cs4PbBr6 host, and attributed green luminescence to 

this nanophase [46], [47], [257]. 

 

i) 

ii) 
iii) iii) 

iv) 

iii

) 

v) 

vi) 
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Figure 5-25. a) Log-scaled powder XRD pattern from the CsPbBr3@Cs4PbBr6 crystal preparation with nominal 

Cs4PbBr6 stoichiometry (the intensity range in the original dataset was 1-100 counts per second); b) Stick plot 

representation of literature data for the bulk Cs4PbBr6 phase [188]. 

 

5.2.5 Water Exposure 

Four different samples, using PMMA or PDMS host matrices, had their PL and absorbance 

measured before full immersion in deionized water. The PL spectrum of each sample prior to 

immersion in water can be seen in Figure 5-26. There are differences in the initial maximum 

intensity peaks and respective emission wavelengths between samples. This is explained by 

intrinsic variations in the concentration of CsPbBr3@Cs4PbBr6 crystals and the different 

thickness of samples. Because the intrinsic PL overlaps with the absorption spectrum, such 

differences lead to different amounts of reabsorption, hence different intensities and red 

shifts in the PL spectrum. The PDMS thick, which has the least re-absorption, has a PL peak 

very close to the intrinsic CsPbBr3 emission at 520 nm. The typical PL linewidth is 17 ± 2 nm 

at full width half maximum. PL and absorbance acquisitions were repeated 1, 4 and 72 hours 

after the samples had been thoroughly stirred underwater. 
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Figure 5-26. PL measurements of each of the fabricated samples prior to their submersion in water. Pumping 

was by a 450 nm µLED. 

 

The PL intensity of PMMA composites was constant over time, and its subsequent 

encapsulation with PDMS showed little to no extra improvement (Figure 5-27). 

On the other hand, the PDMS samples showed an adverse effect. After 4 hours underwater, 

the PDMS slab (PDMS thick) had its PL intensity reduced by almost two orders (one order) of 

magnitude. These results suggest that water was able to reach and affect most of the crystals 

in the PDMS samples, despite the hydrophobicity of PDMS. 
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Figure 5-27. PL at maximum intensity over time, for each of samples studied. Samples are presented in the 

same order as in the bar plot. 

 

The shifts in the PL peak and in the absorption spectrum after 1, 4 and 72-hour of immersion 

in water (with respect to the data before immersion) are plotted for all samples in Figure 

5-28. The PL and absorption spectra of PDMS samples are red shifted by approximately 8 nm. 

This significant shift corroborates the compositional changes in this type of sample. The same 

was not observed in PMMA samples, where the shifts were close to the measurement error. 

A possible explanation for the different results between PDMS and PMMA matrices might 

arise from the differences in polymer chain arrangements and consequent water insulation. 

While PMMA has predominantly linear chains, and forms a dense, glassy microstructure after 

solvent evaporation, the PDMS used is engineered to partially cross-link during curing, to give 

an elastomeric end product [260], [261]. This characteristic appears to allow more 

permeation of water into the PDMS composites, which in turn causes degradation of the 

luminescent CsPbBr3 QDs. Water permeation in PDMS [260] and PMMA [262] has been 

extensively studied in different contexts, but is in agreement with these findings. 
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Figure 5-28. Shift in wavelength of the PL peak of each sample after 0, 1, 4 and 72 hour-immersion in water 

(right) with (left) absorbance spectra before and after immersion in water for 72 hours. 

 

5.2.6 Bandwidth Measurements 

This experiment comprised a bandwidth study on PMMA Perovskite composites of different 

ratios optically pumped at different intensities. The PMMA matrix was selected due to its 

higher resistance to water. The two composites of CsPbBr3@Cs4PbBr6 crystals in PMMA were 

prepared at a mass ratio of 1:2 (Figure 5-29) and 1:3 (Figure 5-30), respectively, and exposed 

to a µLED powered at 10 (left) and 200 mA (right). This experiment used the same setup as 

[49], and therefore the optical power densities for 10 mA and 200 mA drive currents are 

approximately 0.75 and 3 W/cm2, respectively. 
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Figure 5-29. Bandwidth measurements of CsPbBr3@Cs4PbBr6 crystals-PMMA at 1:2 mass ratio (left: 10 mA; 

right: 200 mA). Average lifetimes: τ10 mA = 20.5±4.0 ns; τ200 mA = 14.2±3.0 ns. Frequency responses: ν10 mA = 13.4 

MHz; ν200  mA = 19.4 MHz. 

 

 

Figure 5-30. Bandwidth measurements of CsPbBr3@Cs4PbBr6 crystals-PMMA at 1:3 mass ratio (left: 10 mA; 

right: 200mA). Average lifetimes: τ10 mA = 22.7±7.9 ns; τ200 mA = 25.4±8.6 ns. Frequency responses: ν10 mA = 

12.1 MHz; ν200 mA = 10.9 MHz. 

 

These measurements suffered from some equipment limitations in the bandwidth 

availability of the bias-T module (minimum frequency at 10 MHz) and bandwidth availability 

of the APD (maximum frequency at 40 MHz), which affected the sample size and therefore 

the accuracy of the fittings.  

The average lifetime of these samples was found by fitting the experimental data to Eq. 31. 

The optical bandwidth was then estimated using Eq. 32. The average lifetime and optical 

bandwidth for these samples were approximately 20 ns and 15 MHz, respectively (for the 

detailed values, see Table 5-1). The lifetime values fell 1 to 2 orders of magnitude behind the 

0.4 ns observed in single CsPbBr3 QDs [252], most probably due to self-absorption and 

scattering within the composites, which add noise to the signal response. The results above 
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are also consistent with those of the state of art using CsPbBr3@Cs4PbBr6 in PMMA at a mass 

ratio of 1:5 [49]. 

Table 5-1. Frequency response and average lifetime of CsPbBr3@Cs4PbBr6 composites for different mass ratios and 

optical power densities. 

  
Frequency response, 

ν (MHz) 

Average lifetime, τ 

(ns) 

 
Optical Power 

density (W/cm2) 
0.75 3 0.75 3 

CsPbBr3@Cs4PbBr6 

crystals - PMMA 

mass ratio 

1:2 13.4 19.4 20.5 14.2 

1:3 12.1 10.9 22.7 25.4 

1:5 [49] 18  34 15 7.5 

 

Table 5-1 combines the experimental data from this thesis and data from the state-of-the-

art on frequency response and average lifetime of CsPbBr3@Cs4PbBr6 composites, for 

different mass ratios and optical power densities. Although it is difficult to find a trend 

between the results here obtained and those in the literature, data shows that the range of 

values obtained in this work fall within the same order of magnitude and margin of error as 

the previously reported data. 

A straightforward comparison is difficult because parameters such as the quality of the 

crystal and composite vary from synthesis to synthesis. These parameters and small 

adjustments in the setup affect the optical power density available per crystal in the 

composite, as well as the self-absorption and scattering within the composite. In turn, these 

variations and the equipment limitations mentioned in this section affect the final 

measurements. 

 

5.2.7 Summary on Water Resistant All Inorganic Halide Perovskite 

Composites for VLC 

Motivated by their low manufacturing cost and simple processing, PDMS and PMMA were 

tested and studied as host matrices for the CsPbBr3@Cs4PbBr6 crystals synthesized in this 

work.  
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The PDMS samples were not stable upon immersion in water. This finding indicates that 

water was able to reach the guest CsPbBr3@Cs4PbBr6 crystals. On the other hand, PMMA 

composites showed little to no trace of degradation when immersed in water under vigorous 

stirring for up to 72 hours. 

PMMA was found to be an effective matrix host for CsPbBr3@Cs4PbBr6 by enabling moisture 

and water protection, as any degradation at the surface is mitigated by the extremely low 

water penetration depth and by the volume of the composite itself.  

The bandwidth properties under µLED pumping are also consistent with the state-of-art [49], 

which shows this approach is viable for robust colour-conversion in VLC applications that 

already require a certain degree of resistance to water. Moreover, its encapsulation can be 

easily scaled up, showing potential for macrosized industrial applications, such as colour 

conversion,  

 

5.3 Conclusion 

This chapter has shown the capability of exotic NCs for self-assembling into SPs, which is 

promising for further optical experiments involving WGMs and FRET. These results are 

encouraging for further studies on photoluminescence, lasing, and energy transfer profiles 

of such NCs. 

This chapter has also successfully demonstrated a way to encapsulate CsPbBr3@Cs4PbBr6 

crystals with PMMA to provide a high degree of protection against water and humidity while 

maintaining bandwidths similar to those in the state-of-art with no exposure to water [49]. 

While the design, optimal concentration and operation modes of such composites still 

require further optimization to enable bandwidths closer to the individual CsPbBr3 QDs, this 

polymer matrix approach to minimize moisture-sensitivity should enable the utilization of 

the attractive fast color converting properties of CsPbBr3@Cs4PbBr6 towards practical 

applications, such as underwater communications. 

Self-assembly of all-inorganic halide perovskite QDs into SPs has already been reported [263] 

and could possibly be adapted to the Perovskite crystals here studied. 
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Chapter 6.  Conclusion and Future Directions 

 

6.1 Summary of the thesis 

Research on semiconductor NCs is broad and yet they still have a lot of hidden potential to 

show. In that context, the focus of this thesis has been on II-V colloidal quantum dots and 

related NCs as the building blocks of novel lasers that self-assemble from the bottom up. It 

also looked at an encapsulation approach for a perovskite quantum dot-based structure 

resistant to water, which among other applications, could also be used as a robust 

colour-converter of LEDs.  

Chapter 1 started by presenting the motivation for this work, followed by the background on 

the synthesis of CQDs and a general overview on the relevant physics, including electronic 

states and optical gain. It covered the current status on the usage of CQDs for lasing 

applications and discussed the condition for lasing. The concepts behind the process of self-

assembly of NCs, utilized in Chapters 2, 3 and 4 [17], [181], was also explained there. The 

focus of this introductory chapter was placed on Cd-based QDs as this is the material 

predominantly used in the thesis, and on inorganic perovskite NCs, the family of the material 

used in the colour converter study of Chapter 5. The basics of CQDs and all-inorganic 

perovskite NCs as colour-converting material technology for VLC was also summarized. 

Chapter 2 demonstrated a new type of microlasers based on the bottom assembly of alloyed 

core/shell CdSSe/ZnS CQDs. The resulting micron-size SPs, spherical in shape, act as both the 

gain material and the optical cavity necessary for a laser. It described an in-depth study on 

the modelling for emission below threshold and the determination of ⟨𝑁⟩ in such SPs by 

analyzing spectra of randomly chosen SPs with different diameters, and drawing a parallelism 

with the emission of single QDs researched in the literature. SPs had a Q-factor of 294 ± 15 

and achieved multimode lasing between the 625 and the 655 nm when pumped above the 

threshold fluence, which was on average estimated for ⟨𝑁⟩ ≈ 2.3 according to the emission 

model introduced in this work. Not only were these results consistent with those recently 
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reported by another group [118], but the analysis could help the characterization of other 

types of SPs using free space optical excitation. Self-assembly of such NCs can also provide 

them with unique properties such as mixed electronic states and new luminescence features 

[32], [158]. 

In Chapter 3, studies on the blending of CQDs with different bandgaps during the synthesis 

of SPs have shown the enhancement of characteristics and the addition of new properties to 

these structures. The addition of higher bandgap CQDs to the synthesis of SPs mitigates self-

absorption of red CQDs, which in turn enabled the enhancement of the Q-factor, the increase 

in cavity size where lasing could be obtained in the given experimental conditions, and the 

increase of emission intensity in SPs.  

For bandgaps of CQDs lower than the energy of the pump photons, multicolour lasing was 

also observed in SPs. Three lasing regimes were successfully demonstrated in a single SP, as 

a function of the pump fluence (namely single colour red, single colour yellow and 

simultaneous dual colour red and yellow). These findings represent important steps towards 

the design of higher quality CQD microcavities with multicolor lasing capabilities and have 

great application potential for integrated circuits, imaging, sensing and novel photonic 

materials [30], [198]. 

The proof-of-concept of a technique for the manipulation of individual SPs and subsequent 

integration was demonstrated in Chapter 4 by successfully coupling laser modes of a SP to a 

waveguide. Here, the TfP technique was covered in detail and shown to be a reliable way of 

transferring SPs between substates and printing them at a desired location without affecting 

their emission below and above lasing threshold. 

Such results have shown that the transfer printing method is a strong contender for future 

integrated photonic applications of SPs and SPs have potential for integrated applications, 

which paves the way to more complex designs. 

Chapter 5 comprised the results on the other NCs explored in this thesis, namely 

CsPbBr3@Cs4PbBr6 crystals, Cu-doped QDs, NPLs and TPs. Current all inorganic halide 

perovskite QDs are sensible to water and would benefit from any sort of protection that could 

extend their exposure to humidity.  

The studies on Cu-doped QDs, NPLs and TPs showed in the first half of Chapter 5 were part 

of a 3-month internship at NTU, in collaboration with LUMINOUS! led by Prof. Hilmi Volkan 
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Demir. Here, the self-assembly of different types of semiconductor NCs into SPs was 

successfully demonstrated as a first step to further exploit the optical properties of these 

exotic materials with the WGMs of microspheres. 

Results suggest that CdSe-based, copper-doped QDs, TPs and rolled NPLs have the ability to 

self-assemble into well-defined microspheres by using the synthesis recipe of previous 

chapters. On the other hand, flat-NPLs showed a tendency to stack during such synthesis and 

did not self-assemble into neat microspheres. This issue was successfully addressed by 

adding a small percentage of PMMA to the oil phase solution. 

Some small shifts in the overall size of the SPs has also been observed between experiments. 

However, these can be explained by fluctuations in the concentration of surfactant (PVA) and 

solute (NCs). The evaporation rate of solvent (Chloroform) during the process was non 

negligible, and this could affect the accuracy of the measurements to estimate the 

concentration of NCs during the experiment, which in turn will affect the final size of the 

self-assembled SPs. Nevertheless, the capability of assembling these NCs into SPs is 

promising for further optical experiments involving WGMs. 

The second half of this chapter was dedicated to the investigation of water exposure on 

perovskites (CsPbBr3@Cs4PbBr6) by looking into two different types of polymeric matrices 

and studying the luminescence of the encapsulated composites prior to and after exposure 

to water.  

The two polymeric matrices chosen for this case study were PDMS and PMMA, due to their 

low manufacturing cost and simple processing, and they were studied as host matrices for 

the in-house synthesized CsPbBr3@Cs4PbBr6 crystals. Results have shown that PDMS samples 

were not stable upon immersion in water, indicating that water was able to reach the guest 

CsPbBr3@Cs4PbBr6 crystals. On the other hand, PMMA composites showed little to no trace 

of degradation when immersed in water under vigorous stirring for up to 3 full days. Such 

moisture and water protection has shown that PMMA was an effective matrix host for 

CsPbBr3@Cs4PbBr6. 

The bandwidth values obtained on PMMA encapsulated samples under µLED pumping were 

also consistent with the state-of-art [49], and showed that this approach could be viable for 

robust colour-conversion in VLC applications requiring resistance to water. Its encapsulation 
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can also be easily scaled up and used for industrial applications, such as LEDs and colour 

conversion. 

While the design, optimal concentration and operation modes of such composites still 

require further optimization to enable bandwidth values closer to those claimed for CsPbBr3 

CQDs, this polymer matrix approach to minimize moisture-sensitivity should enable the 

utilization of the attractive fast color converting properties of CsPbBr3@Cs4PbBr6 towards 

practical applications, such as underwater communications. 

Overall, the research conducted in this thesis has resulted in important progress towards the 

use, optimization and application of NCs as lasers and for VLC. Nevertheless, these are but a 

fraction of what could be further explored within these fields. 

In the rest of this chapter, further steps are suggested to widen the research. These steps 

include: (1) further investigation on closed-packed NC assemblies and their inherent 

properties; (2) Exploration of the use of surface treatments for further enhancement of the 

Q-factor, to help with the preservation of SPs and exploit the interaction between different 

functionalisations and WGMs towards sensing applications; (3) Exploration of different 

synthesis methods and ways of moving SPs between substrates; (4) Implementation of these 

SPs in real life applications. 

 

6.2 Properties of Nanocrystals and Superparticles 

Performances of both perovskite composites and CdSe based SPs seem are affected by self-

absorption. Studies on the density of perovskites in composites, and thickness of composites 

could be explored to find bandwidths closer to the perovskite NCs themselves. Likewise, 

other types NCs could be tested in SPs to explore ways towards reduction of self-absorption.  

In addition to that, they could also be combined with NCs of different types and bandgaps to 

test energy transfer in this type of oscillators. Particularly in this research, SPs of NCs made 

in collaboration with LUMINOUS! (Chapter 5) still have their photoluminescent, lasing, and 

energy transfer profiles to be explored in detail.  

The toxicity of NCs must also be considered and studied according to the application. NCs 

used in this thesis rely on toxic elements and the applications that use them would be safer 

with toxic free alternatives. InP CQDs may be a good replacement, being only slightly slower 
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in their temporal response [17]. There is also intense research in search of Pb-free metal 

halide perovskites that retain the fast response of current perovskite CQDs [17].  

Other species of NCs would also be worth considering, such hand their self-assembly into SPs 

for lasing [264] or mechanosensitive [265] applications. 

In addition to the self-assembly method introduced in this thesis, NCs could benefit from 

other self-assembly methods. Oil-in-oil emulsions have been proven effective to 

self-assembly the water sensitive all-inorganic halide Perovskite QDs into SPs [263]. 

Evaporation of droplets directly on a pre-treated substrate can also lead to self-assembly of 

several different structures, such as microspheres [266], microcubes [266] or microrings 

[267]. 

NCs exist in different shapes, sizes, and have a wide array of different properties. 

Self-assembled SPs using methods such as those mentioned above could enhance properties 

of NCs and even enable new ones [158]. 

 

6.3 Surface Functionalisation 

Self-assembled SPs could benefit from ligand exchanges on their surfaces, or on the 

individual NCs, prior to the self-assembly process. Ligand exchanges to shorter ligands on 

QDs have already been reported to improve the crystalline and cavity quality of SPs, which 

in turn decreases the lasing threshold of SPs [122].  

Further studies and optimizations on the choice of ligand before or after self-assembly could 

enable better Q-factors on SPs. Another factor worth having into consideration is the SP 

surface protection and possible functionalization towards practical applications. Once self-

assembled and drop cast on glass, the CdSe-based SPs here studied proved to be quite sturdy 

and even the TfP process did not seem to have any damaging effect on them.  

However, preserving the SPs in solution showed signs of erosion after long periods of time. 

Studying a way of preventing erosion and stabilizing them in solution for long periods of time 

would improve their shelf life, which is important for commercial applications. Surface 

coatings such as thin shell coating of Silica or polymeric materials could improve such stability 

without hindering the properties of neat SPs [268], [269]. 
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6.4 Manipulation of Supraparticles 

To diversify the type of substrates SPs can be transferred onto via TfP, studies on the energy 

release rates and peeling forces between the µ-stamp, SPs and different substrate materials 

ought to be done. The need of doing further investigation on the TfP of SPs onto glass 

substrates was highlighted in Chapter 4.  

Ways of facilitating the process of transfer printing onto glass substrate include testing the 

process at different temperatures and treating the surface of the glass substrate by coating 

it with a surfactant that favorably changes the energy release rate. Other manipulation and 

placement techniques of SPs could also be explored. In these experiments, it has been 

experimentally observed that a SEM is capable of charging and repelling SPs on a Si-wafer 

substrate, by forcing them to roll away from the beam. Such property could be advantageous 

and worth exploring for precise positioning of SPs.  

Similarly, optical nanomanipulation on solid substrates via optothermally-gated photon 

nudging could also be a viable option for precise control on flat surfaces by precoating them 

with a thin film of a suitable surfactant (e.g.: Cetrimonium chloride) and using the pump laser 

to promote a phase transition on it, which would force the motion and positioning of SPs 

[270].  

One last technique that could also be tested for alignment of SPs is the assisted capillary 

alignment, which combines hydrophilic and superhydrophobic areas on a substrate for self-

alignment [271], [272]. Although this technique is more commonly used to align samples with 

large surface areas and placed on top of droplets that stay within the hydrophilic areas, this 

principle should also be viable with SPs. When droplets dry, the sample gets aligned or within 

the hydrophilic region, thus providing some control over the positioning without the 

requirement of sophisticated equipment. Alternatively, alignment of SPs could also be 

attempted by functionalizing their surface with molecules that bind onto molecules of 

another target surface (e.g. avidin and biotin). 

 

6.5 Supraparticles and Practical Applications 

As seen in Chapter 2, self-assembled SPs have a wide range of properties that can be 

exploited but have yet to be seen in a practical application. They could either be tested in 

similar sensing applications to other microspheres, such as microspheres embedded or 
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coated with NCs or fluorescent molecules [116], [123], [273], or bio applications, such as 

polymeric functionalization coatings for sensitive immunosensors [269].and in vitro or in vivo 

imaging [122]. 

Other possibilities include novel applications that take advantage of their mobility and 

capability both as gain mediums and cavities [30]–[32], [118] and could allow their 

integration in more complex devices, as demonstrated in Chapter 4. 

 

6.6 Summary 

Overall, NC-based devices are still in their early development stages, and although they have 

enormous potential, there are still obstacles to overcome.  

SPs of NCs still lack the technology for electrical pumping, which can put them behind solid 

state lasers in certain applications. The durability, stability and efficiency of both SPs and 

composites must also be assured for long run applications. Despite that, these SPs have 

shown positive results with optical pumping that can be applied within integrated circuitry, 

imaging and sensing applications in scattering media so it will be interesting to see the steps 

NCs and their supra-structures will take in the years to come. 
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A. SPs and Mode Calculation 

 

The calculations of the Transverse Electric (TE) and Transverse Magnetic (TM) electric modes 

for SPs in this thesis were based on the research report written by Stéphane Balac and Patrice 

Feron (Stéphane Balac, Patrice Feron. “Whispering gallery modes volume computation in 

optical micro-spheres”. [Research Report] FOTON, UMR CNRS 6082. 2014. Hal-01279396v2).  

Wolfram Mathematica™ was used to calculate and plot the WGMs. 

From the research report above, the modal equation for TE electric field modes in a 

microsphere obtained by the Maxwell equations is given by: 

𝑬(𝑟, 𝜃, 𝜑) = 𝐴𝑖 𝑜⁄
𝑇𝐸 𝑟𝑙(𝑘𝑟)

𝑘𝑟
𝑿𝑙𝑚(𝜃, 𝜑) 

Where 𝐴𝑖 𝑜⁄
𝑇𝐸  is a term whose value depends on the domain (index 𝑖 when inside the SP and 

index 𝑜 when outside the SP): 

{

𝐴𝑖
𝑇𝐸 = 1

𝐴𝑜
𝑇𝐸 = −𝐴𝑖

𝑇𝐸 𝑘0
𝑘0𝑁

𝜓(𝑙, 𝑘0𝑁𝑅)

𝜁(𝑙, 𝑘0𝑅)

 

With 𝜓 being related to the Ricatti-Bessel function of first kind (uses “𝑆𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙𝐵𝑒𝑠𝑠𝑒𝑙𝐽[]” 

in Wolfram Mathematica™): 

𝜓(𝑙, 𝑧) = 𝑧. 𝑆𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙𝐵𝑒𝑠𝑠𝑒𝑙𝐽[𝑙, 𝑧] 

And 𝜁 to the Ricatti-Bessel function of third kind: 

𝜁(𝑙, 𝑧) = 𝜓(𝑙, 𝑧) + 𝑖𝜒(𝑙, 𝑧) 

Where 𝜒 is associated to Ricatti-Bessel function of second kind (uses “𝑆𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙𝐵𝑒𝑠𝑠𝑒𝑙𝑌[]” 

in Wolfram Mathematica™): 

𝜒(𝑙, 𝑧) = −𝑧. 𝑆𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙𝐵𝑒𝑠𝑠𝑒𝑙𝑌[𝑙, 𝑧] 
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The wavenumber inside the SP, 𝑘, depends on the refractive index of the SP, 𝑁, and on the 

wavenumber in vacuum, 𝑘0: 

𝑘 = 𝑘0𝑁; 𝑘0 =
2𝜋

𝜆0
 

The radial term 𝑟𝑙 also depends on the domain: 

𝑟𝑙(𝑘𝑟) = {
𝜓(𝑙, 𝑘0𝑁𝑟) , 0 ≤ 𝑟 ≤ 𝑅

𝜁(𝑙, 𝑘0𝑟) , 𝑟 > 𝑅
 

Where R is the radius of the microsphere. 

𝑋𝑙𝑚(𝜃, 𝜑) corresponds to one of the three vector spherical harmonics (𝑋𝑙𝑚(𝜃, 𝜑),

𝑌𝑙(𝜃, 𝜑),  𝑍𝑙𝑚(𝜃, 𝜑)) and is given by the wedge product between the gradient of the scalar 

spherical harmonics and the vector 𝒓 = {𝑟, 0,0}: 

𝑿𝑙𝑚(𝜃, 𝜑) =  ∇𝑌𝑙
𝑚 ∧ 𝒓 

The scalar spherical harmonics is given by a Wolfram Mathematica™ function: 

𝑌𝑙
𝑚 = 𝑆𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙𝐻𝑎𝑟𝑚𝑜𝑛𝑖𝑐𝑌[𝑙,𝑚, 𝜃, 𝜑] 

And the gradient ∇𝑌𝑙
𝑚 can be calculated by Wolfram Mathematica™ using the “𝐺𝑟𝑎𝑑[]” 

function: 

∇𝑌𝑙
𝑚 = 𝐺𝑟𝑎𝑑[𝑆𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙𝐻𝑎𝑟𝑚𝑜𝑛𝑖𝑐𝑌[𝑙,𝑚, 𝜃, 𝜑], {𝑟, 𝜃, 𝜑}, "𝑆𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙"] 

 

Likewise, the modal equation for TM electric modes is given by: 

𝑬(𝑅, 𝜃, 𝜑) = 𝐴𝑖 𝑜⁄
𝑇𝑀 (𝑙(𝑙 + 1)

𝑟𝑙(𝑘𝑅)

𝑘2𝑅2
𝒁𝑙𝑚(𝜃, 𝜑) +

𝑟𝑙′(𝑘𝑅)

𝑘𝑅
𝒀𝑙𝑚(𝜃, 𝜑)) 

With: 

{

𝐴𝑖
𝑇𝑀 = 1

𝐴𝑜
𝑇𝑀 = −𝐴𝑖

𝑇𝑀 𝜓(𝑙, 𝑘0𝑁𝑅)

𝜁(𝑙, 𝑘0𝑅)

 

  

𝑟𝑙(𝑘𝑟) = {
𝜓(𝑙, 𝑘0𝑁𝑟) , 0 ≤ 𝑟 ≤ 𝑅

𝜁(𝑙, 𝑘0𝑟) , 𝑟 > 𝑅
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𝑟′𝑙(𝑧) = {

𝑑𝜓(𝑙, 𝑧)

𝑑𝑧
 , 0 ≤ 𝑟 ≤ 𝑅

𝑑𝜁(𝑙, 𝑧)

𝑑𝑧
 , 𝑟 > 𝑅

 

The other two vector spherical harmonics, 𝒀𝑙𝑚(𝜃, 𝜑) and 𝒁𝑙𝑚(𝜃, 𝜑), are given by: 

𝒀𝑙𝑚(𝜃, 𝜑) =  𝑟∇𝑌𝑙
𝑚 

𝒁𝑙𝑚(𝜃, 𝜑) =  𝑌𝑙
𝑚𝒆𝒓 = 𝑌𝑙

𝑚. {1,0,0} 

 

Figures A.1 – A6 describe in detail the steps taken to calculate and plot these modes. 

 

A. 1. These 4 functions define the region of interest for 𝑙 (first and third for TE modes and 

second and fourth for TM modes), according to the SP laser emission wavelength (𝜆), its 

refractive index, 𝑁, and its radius, 𝑅. 
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A. 2. Modal functions for TE and TM modes. First they are used to find 𝑙 in the region of 

interest by finding values for which the functions are equal to zero within that range and 

according to the laser emission wavelength of the SP (𝜆), its refractive index (𝑁), and its 

radius (𝑅). 
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Print a1, " LTE ", a2

Print b1, " LTM ", b2

24.4315 LTE 41.8835

23.9558 LTM 41.0748

Modal function TE; P n

ME l , , n , R :

Im HankelH1 l 0.5,
2 Pi

R

Im HankelH1 l 0.5,
2 Pi

R

n

BesselJ l 0.5, n
2 Pi

R

BesselJ l 0.5, n
2 Pi

R

l
1

2 Pi
R

n

n
2 Pi

R

;

Modal function ME; P
1

n

MM l , , n , R :

Im HankelH1 l 0.5,
2 Pi

R

Im HankelH1 l 0.5,
2 Pi

R

1

n

BesselJ l 0.5, n
2 Pi

R

BesselJ l 0.5, n
2 Pi

R

l
1

2 Pi
R

1

n

n
2 Pi

R

;
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A. 3. These 4 functions (𝑀𝐸𝜆1; 𝑀𝑀𝜆1;  𝑀𝐸𝜆2;  𝑀𝑀𝜆2) define the region of interest for 𝜆 

(first and third for TE modes and second and fourth for TM modes), according to the list of 

𝑙 numbers found in figure A.2., the refractive index of the SP, 𝑁, and its radius, 𝑅. 

 

The 𝜆 at the resonance frequencies are then found by using the Modal equations in A.2, and 

by finding the zeros for each 𝑙 number previously found (e.g. A.4). 

 

The definition in Mathematica™ of the TM and TE electric field modes can be found in A.5. 

"Modal Equation Find "

Modal Equation Find

TE n :
n

n Sqrt n2 1
;

TM n :
1

n2 Sqrt n2 1
;

ME 1 findl , n , R :
2 Pi R

findl 0.5 TE n
;

ME 2 findl , n , R :
2 Pi R n

findl 0.5 TE n n
;

MM 1 findl , n , R :
2 Pi R

findl 0.5 TM n
;

MM 2 findl , n , R :
2 Pi R n

findl 0.5 TM n n
;

c1 ME 1 36, n, R ;

d1 MM 1 35, n, R ;

c2 ME 2 36, n, R ;

d2 MM 2 35, n, R ;

Print c1, " TE ", c2

Print d1, " TM ", d2

c21 ME 1 27, n, R ;

d21 MM 1 27, n, R ;

c22 ME 2 27, n, R ;

d22 MM 2 27, n, R ;

Print c21, " TE ", c22

Print d21, " TM ", d22
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A.4. Plot of the Modal function for TE modes and finding the 𝜆 at resonance frequencies 

(example given for 𝑙: 36, 31, 27; 𝑅 =2.45; 𝑁 =1.7) 

 

 

Lpic2e Plot ME 36, , n, R , ME 31, , n, R , ME 27, , n, R , , ME 1 findl, n, R , ME 2 findl, n, R ,

LabelStyle 20, GrayLevel 0 , PlotRange 0.625, 0.645 , 0.5, 1.5 , FrameLabel " m ", None ,

Frame True, FrameTicks 1, 0, 1 , None , 0.630, 0.640 , None , GridLines Automatic,

PlotLegends Placed SwatchLegend "l 36; 0.629", "l 31; 0.634", "l 27; 0.639" ,

LegendFunction Framed , RoundingRadius 5, Background White & , Scaled 0.625, 0.625 , ImageSize is

Lpic2m Plot MM 35, , n, R , MM 30, , n, R , MM 27, , n, R , , ME 1 findl, n, R , ME 2 findl, n, R ,

LabelStyle 20, GrayLevel 0 , PlotRange 0.625, 0.645 , 0.5, 1.5 , FrameLabel " m ", None ,

Frame True, FrameTicks 1, 0, 1 , None , 0.630, 0.640, 0.650 , None , GridLines Automatic,

PlotLegends Placed SwatchLegend "l 35; 0.633", "l 30; 0.640", "l 27; 0.630" ,

LegendFunction Framed , RoundingRadius 5, Background White & , Scaled 0.625, 0.625 , ImageSize is

Electric field, TE mode

Inside the sphere, ricatti bessel first mode only

l , z : z SphericalBesselJ l, z ;

d l , x :

SphericalBesselJ l, x x
SphericalBesselJ l, x

2 x

1

2
SphericalBesselJ 1 l, x SphericalBesselJ 1 l, x ;

outside the sphere, ricatti bessel third kind first i second

l , z : z SphericalBesselY l, z ;

l , z : l, z I l, z ;

d l , z :

SphericalBesselJ l, z z
SphericalBesselJ l, z

2 z

1

2
SphericalBesselJ 1 l, z SphericalBesselJ 1 l, z

SphericalBesselY l, z z
SphericalBesselY l, z

2 z

1

2
SphericalBesselY 1 l, z SphericalBesselY 1 l, z ;

TE complex constant nr i o the sphere

Ai 1;

A0te k0 , N , R , l : Ai
k0

k0 N

l, k0 N R

l, k0 R

Radial Field excludes the vectorial harmonic Xlm ,

EteR k0 , N , r , R , l : Piecewise Ai
l, k0 N r

k0 N r
, 0 r R , 1 A0te k0, N, R, l

l, k0 r

k0 r
, R r
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A. 5. Definition of the TE and TM electric field modes. 

 

An example of a contour plot of the norm of the real part of the Electric TM mode can be 

found in A.6. 

Electric Field

TE Modes includes the vectorial harmonic Xlm ,

Calculating the vectorial harmonic, Xlm , Yl
m r

Grad SphericalHarmonicY l, m, , , r, , , "Spherical" ;

GradY r , , , l , m :

0,

1

r
m Cot SphericalHarmonicY l, m, ,

Gamma 1 l m Gamma 2 l m SphericalHarmonicY l, 1 m, ,

Gamma l m Gamma 1 l m

,

m Csc SphericalHarmonicY l, m, ,

r
;

X r , , , l , m : Cross GradY r, , , l, m , r, 0, 0

Ete r , , , l , m , k0 , N , R : EteR k0, N, r, R, l X r, , , l, m

TM Modes includes the vectorial harmonic Ylm , r Yl
m and Zlm , Yl

m. 1,0,0

Z l , m , , : SphericalHarmonicY l, m, , 1, 0, 0

Y r , l , m , , :

r

0,

1

r
m Cot SphericalHarmonicY l, m, ,

Gamma 1 l m Gamma 2 l m SphericalHarmonicY l, 1 m, ,

Gamma l m Gamma 1 l m

,

m Csc SphericalHarmonicY l, m, ,

r

TM complex constant nr i o the sphere

Ai 1;

A0tm k0 , N , R , l : Ai
1

N2

l, k0 N R

l, k0 R
;

Electric field inside the sphere TM

Etm r , , , l , m , k0 , N , R :

Piecewise Ai l l 1
l, k0 N r

k0 N r 2
Z l, m, ,

d l, k0 N r

k0 N r
Y r, l, m, , , 0 r R ,

A0tm k0, N, R, l l l 1
l, k0 r

k0 r 2
Z l, m, ,

d l, k0 r

k0 r
Y r, l, m, , , r R

Plot Norm Etm r, Pi 2, 0, findl, 0, k0, n, R , r, 0, 2 R , PlotRange All

1 2 3 4 5

0.05

0.10

0.15

0.20
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A.6. Electric TM modes (norm of the real component) of a SP with 𝑅 =2.45; 𝑁 =1.7; 𝑙=35 

and 𝑚=20. 

 

 

TM MODES

XY plane

0

Cpic1xyM ContourPlot Norm Re Etm Norm x, y, 0 , Pi 2, ArcCos
x

Norm x, y, 0
, 35, 35 15, 2

Pi

0.633
, n, R ,

x, 5, 5 , y, 5, 5 , RegionFunction Function x, y, z , 0 Norm x, y, 0 R , BoundaryStyle Red,

AspectRatio Automatic, ImageSize is, LabelStyle FontFamily "Arial", 20, GrayLevel 0 ,

FrameLabel "X m ", "Y m " , PlotRange All

Cpic2xyM ContourPlot Norm Re Etm Norm x, y, 0 , Pi 2, ArcCos
x

Norm x, y, 0
, 30, 30 10, 2

Pi

0.640
, n, R ,

x, 5, 5 , y, 5, 5 , RegionFunction Function x, y, z , 0 Norm x, y, 0 R , BoundaryStyle Red,

AspectRatio Automatic, ImageSize is, LabelStyle FontFamily "Arial", 20, GrayLevel 0 ,

FrameLabel "X m ", "Y m " , PlotRange All

TM MODES

XY plane

0

Cpic1xyM ContourPlot Norm Re Etm Norm x, y, 0 , Pi 2, ArcCos
x

Norm x, y, 0
, 35, 35 15, 2

Pi

0.633
, n, R ,

x, 5, 5 , y, 5, 5 , RegionFunction Function x, y, z , 0 Norm x, y, 0 R , BoundaryStyle Red,

AspectRatio Automatic, ImageSize is, LabelStyle FontFamily "Arial", 20, GrayLevel 0 ,

FrameLabel "X m ", "Y m " , PlotRange All

Cpic2xyM ContourPlot Norm Re Etm Norm x, y, 0 , Pi 2, ArcCos
x

Norm x, y, 0
, 30, 30 10, 2

Pi

0.640
, n, R ,

x, 5, 5 , y, 5, 5 , RegionFunction Function x, y, z , 0 Norm x, y, 0 R , BoundaryStyle Red,

AspectRatio Automatic, ImageSize is, LabelStyle FontFamily "Arial", 20, GrayLevel 0 ,

FrameLabel "X m ", "Y m " , PlotRange All
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B. SPs and Emission Model 

 

This annex shows how the emission model of the SPs was obtained from their emission 

spectra. This analysis used a script written in Wolfram Mathematica™ capable of reading the 

output data from the spectrometer from an excel file and process it to find the fitting 

parameters discussed in Chapters 2 and 3 (𝛼, 𝛽 𝑎𝑛𝑑 𝐴). The routines of this script were, step 

by step: 

1. Call the data from the excel file and retrieve (Fig. B1 and B2): 

a. The original list (with background removed) as a vector list with the counts 

for each wavelength and pump energy: 

 𝐶𝜆 = {{{𝜆1
𝐸1;  𝑐𝑜𝑢𝑛𝑡𝑠𝜆1

𝐸1} , … , {𝜆𝑛
𝐸1; 𝑐𝑜𝑢𝑛𝑡𝑠𝜆𝑛

𝐸1}} , … , {… , {𝜆𝑛
𝐸𝑘; 𝑐𝑜𝑢𝑛𝑡𝑠𝜆𝑛

𝐸𝑘}}}; 

b. The below threshold and above threshold lists, as vector lists with the sum 

of the counts over the lasing modes for each pump energy and microsphere 

size: 

𝐶𝐸 =

{{𝑆𝑃1𝑟𝑎𝑑𝑖𝑢𝑠;  𝐸1 ;  ∑ 𝑐𝑜𝑢𝑛𝑡𝑠𝜆𝑖
𝜆𝑚𝑎𝑥
𝑖=𝜆𝑚𝑖𝑛

} , … , {𝑆𝑃1𝑟𝑎𝑑𝑖𝑢𝑠;  𝐸𝑘  ;  ∑ 𝑐𝑜𝑢𝑛𝑡𝑠𝜆𝑖
𝜆𝑚𝑎𝑥
𝑖=𝜆𝑚𝑖𝑛

}}

; 

c. The complete list, as a vector list with the sum of the counts over the lasing 

modes for each pump energy: 

𝐶𝐸𝑡 = {{ 𝐸1 ;  ∑ 𝑐𝑜𝑢𝑛𝑡𝑠𝜆𝑖
𝜆𝑚𝑎𝑥
𝑖=𝜆𝑚𝑖𝑛

} , … , { 𝐸𝑘  ;  ∑ 𝑐𝑜𝑢𝑛𝑡𝑠𝜆𝑖
𝜆𝑚𝑎𝑥
𝑖=𝜆𝑚𝑖𝑛

}}; 

 

d. The lists with the maxima of PL emission for the biexciton and multiexciton 

emission as a function of the pump energy: 

𝑀𝐸 = {{𝐸1 ; 𝑐𝑜𝑢𝑛𝑡𝑠𝜆𝑚𝑎𝑥  }, … , {𝐸𝑘  ; 𝑐𝑜𝑢𝑛𝑡𝑠𝜆𝑚𝑎𝑥}}; 

 

e. The lists with the fitted parameters to Gaussian distributions for the 

biexciton and multiexciton PL emissions and for all the pump energies: 
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𝑀𝑝 = {{𝑎1;  𝑏1;  𝑐1 }, … , {𝑎𝑘; 𝑏𝑘;  𝑐𝑘  }}. 

 

2. For each microsphere, apply the multi-nonlinear model fit to the expression that 

describes the emission of a SP (Fig. B3): 

a. First and similarly to QDs, the average number of excitons of a QD in a SP is 

approximated to a power law trend as a function of the unknown 

parameters (𝛼, 𝛽) and pump energy (𝐸𝑝𝑢𝑚𝑝): 

⟨𝑁⟩ = 𝛽. 𝐸𝑝𝑢𝑚𝑝
𝛼  

b. In a QD, the probability of the emission of a photon resulting from the 

recombination of the nth-exciton follows a Poisson distribution. However, 

because the total emission of photons taking place in a SP depends on the 

nth-exciton of each of its QDs, the Poisson probability distribution is used in 

its continuous form, and gives the probability of the SP to have k excitons 

for an average number of excitons as a function of the optical pump ⟨𝑁⟩. 

The gamma function, 𝛤, is predefined in Mathematica™: 

𝑃(𝑘; ⟨𝑁⟩) =  
𝛤(𝑘 + 1, ⟨𝑁⟩)

𝛤(𝑘 + 1)
−
𝛤(𝑘, ⟨𝑁⟩)

𝛤(𝑘)
 

c. The multi-nonlinear model fit (Contributed by: Sjoerd Smit, 

https://resources.wolframcloud.com/FunctionRepository/resources/Multi

NonlinearModelFit/) is used to fit the two equations below: 

{
𝐷𝑎𝑡𝑎630𝑛𝑚 = 𝐴. 𝑃(𝑘1; ⟨𝑁⟩), 1 < 𝑘1 < 2;

𝐷𝑎𝑡𝑎580𝑛𝑚 = 𝐴. 𝑃(𝑘2; ⟨𝑁⟩), 𝑘2 > 3;
 

That correspond to the biexciton and multiexciton emissions, respectively. 

The intensity of these two emissions can be extracted from the measured 

spectra at their respective wavelengths (𝐷𝑎𝑡𝑎630𝑛𝑚 and 𝐷𝑎𝑡𝑎580𝑛𝑚). Here, 

the parameter A is assumed to depend on the number of active QDs in the 

SP and to the coupling efficiency onto the spectrometer. The emission at 

630 nm corresponds to the energy of biexciton emission (𝑘1) and therefore, 

the average nth-exciton in the SP should sit exclusively between 1 < 𝑘1 < 2. 

Likewise, the emission at 580 nm corresponds to the energy of multiexciton 

emission (𝑘2) and therefore, the average nth-exciton in the SP should be such 

that 𝑘2 > 3. 
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B. 1. Function to call the data of the spectra from the excel file. 

 

In[50]:= Data processing NEEDS SizeALL list

DataProc DataMS , Nr , ThresholdPostion , min , max :

Module i, list, n, MS, BckGnd, MSEnergy, MSsize, MSlistBT, MSlistAT, MSlistT, FitExc, SolExc, a1, a1err, b1,

b1err, a2, a2err, b2, b2err, c2, c2err, d2, d2err, e2, e2err, a, b, c, d, e, x, DataME, DataMEfit, DataEBE, DataEBEfit ,

Spectrum noise removed

MS ;

For i 2, i Dimensions DataMS 2 , i ,

list TimeSeries Table DataMS n 1 , DataMS n i , n, 2, Dimensions DataMS 1 , 1 ;

BckGnd Mean TimeSeriesWindow list, 200, 500 ;

list list BckGnd;

MS Append MS, TimeSeries list ;

MS energy data Units: nJ

MSEnergy Table DataMS 1 n Lfreq, n, 2, Dimensions DataMS 2 , 1 103;

MS size data Radius Units: m

MSsize SizeAll Nr 1 2 2;

Count Integration over Units: m, nJ, Average counts read per pulse

MSlistBT ;

For i 1, i ThresholdPostion, i ,

MSlistBT Append MSlistBT, MSsize, MSEnergy i ,
NIntegrate MS i x , x, min, max

Lfreq
;

;

Count Integration over Units: m, nJ, Average counts read per pulse

MSlistAT ;

For i 1 ThresholdPostion, i Dimensions DataMS 2 , i ,

MSlistAT Append MSlistAT, MSsize, MSEnergy i ,
NIntegrate MS i x , x, min, max

Lfreq
;

;

Count Integration over Units: nJ, Average counts read per pulse

MSlistT ;

For i 1, i Dimensions MS 1 , i ,

MSlistT Append MSlistT, MSEnergy i ,
NIntegrate MS i x , x, min, max

Lfreq
;

;

DataME ;

DataMEfit ;

DataEBE ;

DataEBEfit ;

For i 1, i Dimensions MS 1 , i ,

Exciton Biexciton and Multiexciton Peak Fits

FitExc TimeSeriesInsert TimeSeriesWindow TimeSeriesResample MS i , 0.5 , 550, min ,

TimeSeriesWindow TimeSeriesResample MS i , 0.5 , max, 680 ;

SolExc NonlinearModelFit FitExc, a PDF NormalDistribution b, c , x d PDF NormalDistribution e, c , x ,

0 a, 575 b 595, 8 c 25, 0 d, 620 e 665 , a, b, 585 , c, 10 , d, e, 630 , x ;

a2 SolExc "ParameterTable" 1 1 2 2 ;

a2err SolExc "ParameterTable" 1 1 2 3 ;

b2 SolExc "ParameterTable" 1 1 3 2 ;

b2err SolExc "ParameterTable" 1 1 3 3 ;

c2 SolExc "ParameterTable" 1 1 4 2 ;

c2err SolExc "ParameterTable" 1 1 4 3 ;

d2 SolExc "ParameterTable" 1 1 5 2 ;

d2err SolExc "ParameterTable" 1 1 5 3 ;

e2 SolExc "ParameterTable" 1 1 6 2 ;

e2err SolExc "ParameterTable" 1 1 6 3 ;

DataME Append DataME, MSEnergy i ,
a2 PDF NormalDistribution b2, c2 , b2

Lfreq
;

DataMEfit Append DataMEfit, a2, b2, c2 ;

DataEBE Append DataEBE, MSEnergy i ,
d2 PDF NormalDistribution e2, c2 , e2

Lfreq
;

DataEBEfit Append DataEBEfit, d2, e2, c2 ;

;

Print Fitted positions of ME and EBE peaks

Return MS, MSlistBT, MSlistAT, MSlistT, TimeSeries DataME , DataMEfit, TimeSeries DataEBE , DataEBEfit ;

In[51]:= Gaussian Fit

fit v , x : v 1 PDF NormalDistribution v 2 , v 3 , x
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B. 2. Function to call the data of the sizes for each SP (from a different excel file). 

 

 

 

 
B. 3. Function to call the data of the sizes for each SP (from a different excel file). 

 

 

 

 

In[33]:= Volume of QDs

Vsp r :
4

3
Pi r3

In[34]:= Density of QDs

refractive index, n

BulkCdSe 2.5;

BulkZnS 2.36;

CQDs 1.87;

air 1;

Dqd
CQDs air

BulkCdSe BulkZnS

2
air

Out[38]= 0.608392

In[39]:= CQDs 1.73

In[40]:= Volume of a QD in m, d 6 0.5 nm

QDdiameter 0.006;

QDv 4 3 Pi 0.5 QDdiameter 3

Out[41]= 1.13097 10 7

In[42]:= Excitation photon energy, nJ

1eV 1.602176565e 19 J

QDe 3.1 1.602 10 10

Out[42]= 4.9662 10 10

In[43]:= Laser 532nm; pulse width 0.71ns; frequency rep. rate 7.1KHz

rrhz 7100;

Lfreq rrhz;

Integration Interval

min 620; max 650;

min 620;

max 650;

Plank constant Units: J.s

plank 6.62607015 10 34;

Speed of light Units: m.s 1

light 299792458;

Size data

SizeAll Flatten Import "C:\\Users\\Admin\\Desktop\\red new beam\\ms size Data.xlsx" , 1 ;

Import : File not found during Import.

Flatten : Nonatomic expression expected at position 1 in Flatten $Failed , 1 .

In[189]:= Poissonian, v k, , ,Exciton

Poi x , v : v 1 PoissonC v 4 , v 2 xv 3 ;

In[190]:= Power law fit

PLfit NPoints , DataEBE , DataME , kinit , init , init , N1init , N2init :

Module sol, x, k, , , N1, N2, a, aerr, b, berr, c, cerr, d, derr, e, eerr ,

sol MultiNonlinearModelFit Take DataEBE "Path" , NPoints , Take DataME "Path" , NPoints ,

"Expressions" Poi x, k, , , N1 , Poi x, k, , , N2 ,

"Constraints" 0 k && 0 5 && 0 1 && 1 N1 2 && 3 N2 8

, k, kinit , , init , , init , N1, N1init , N2, N2init , x ;

a sol "ParameterTable" 1 1 2 2 ;

aerr sol "ParameterTable" 1 1 2 3 ;

b sol "ParameterTable" 1 1 3 2 ;

berr sol "ParameterTable" 1 1 3 3 ;

c sol "ParameterTable" 1 1 4 2 ;

cerr sol "ParameterTable" 1 1 4 3 ;

d sol "ParameterTable" 1 1 5 2 ;

derr sol "ParameterTable" 1 1 5 3 ;

e sol "ParameterTable" 1 1 6 2 ;

eerr sol "ParameterTable" 1 1 6 3 ;

Return a, b, c, d , aerr, berr, cerr, derr , a, b, c, e , aerr, berr, cerr, eerr ;

In[191]:= Pto 8 removed

EBEList EBE1, EBE2, EBE3, EBE4, EBE5, EBE6, EBE7, EBE9, EBE10, EBE11, EBE12, EBE13, EBE14, EBE15, EBE16, EBE17 ;

MEList ME1, ME2, ME3, ME4, ME5, ME6, ME7, ME9, ME10, ME11, ME12, ME13, ME14, ME15, ME16, ME17 ;

BThreList BThre1, BThre2, BThre3, BThre4, BThre5, BThre6, BThre7, BThre9, BThre10, BThre11, BThre12,

BThre13, BThre14, BThre15, BThre16, BThre17 ;

In[194]:= Manipulate

Show ListPlot EBEList i "Path" , MEList i "Path" ,

Plot Poi x, k, a, b, n1 , Poi x, k, a, b, n2 , x, 0, 15 , i, 1, 17, 1, Appearance "Labeled" ,

k, 1, 1000, Appearance "Labeled" , a, 0.1, 3, 0.1, Appearance "Labeled" , b, 0.1, 3, 0.1, Appearance "Labeled" ,

n1, 1, 2, 0.1, Appearance "Labeled" , n2, 3, 8, 0.1, Appearance "Labeled"

v PLfit BThre1, EBE1, ME1, 2.7, 1.45, 0.27, 1.5, 3.7 ,

PLfit 5, EBE2, ME2, .7, 1.6, 0.3, 1.5, 3.0 ,

PLfit BThre3, EBE3, ME3, .7, 2.4, 0.3, 1.5, 3.6 ,

PLfit 5, EBE4, ME4, 10, .27, 0.3, 1.5, 3.8 ,

PLfit BThre5, EBE5, ME5, 3.8, 1.22, 0.3, 1.5, 3.7 ,

PLfit 7, EBE6, ME6, 3.0, 1.22, 0.3, 1.5, 3.8 ,

PLfit BThre7, EBE7, ME7, 4.0, 0.64, 0.3, 1.5, 3.0 ,

PLfit BThre9, EBE9, ME9, 57.0, 0.5, 0.3, 1.5, 3.4 ,

PLfit BThre10, EBE10, ME10, 50.0, 0.6, 0.3, 1.5, 3.9 ,

PLfit BThre11, EBE11, ME11, 50.0, 0.6, 0.3, 1.5, 3.4 ,

PLfit BThre12, EBE12, ME12, 25.5, 0.58, 0.42, 1.5, 3.0 ,

PLfit BThre13, EBE13, ME13, 13.3, 0.75, 0.43, 1.4, 3.2 ,

PLfit BThre14, EBE14, ME14, 22.0, 1.1, 0.33, 1.5, 4.1 ,

PLfit 5, TimeSeries Part EBE15 "Path" , 3, 4, 5, 6, 7 , TimeSeries Part ME15 "Path" , 3, 4, 5, 6, 7 ,

3.0, 1.2, 0.4, 1.5, 3.8 , PLfit BThre16 2, EBE16, ME16, 700, 0.7, 0.3, 1.5, 3.8 ,

PLfit BThre17, EBE17, ME17, 100.0, 0.7, 0.3, 1.5, 3.9 ;

FittedModel : The property values ParameterTable assume an unconstrained model. The results for these properties may not be valid , particularly if the fitted

parameters are near a constraint boundary.

FittedModel : The property values ParameterTable assume an unconstrained model. The results for these properties may not be valid , particularly if the fitted

parameters are near a constraint boundary.

FittedModel : The property values ParameterTable assume an unconstrained model. The results for these properties may not be valid , particularly if the fitted

parameters are near a constraint boundary.

General : Further output of FittedModel::constr will be suppressed during this calculation.

NonlinearModelFit : Failed to converge to the requested accuracy or precision within 500 iterations.
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Abstract — Water-resistant luminescent polymer composites 
with CsPbBr3 quantum dots in Cs4PbBr6 crystals 
(CsPbBr3@Cs4PbBr6) are reported. These color-converting 
materials enable a narrow-band green emission with fast dynamics 
and are therefore a potential alternative to phosphors, mainly for 
applications that require a fast modulation of light.  

Keywords — Visible Light Communication, Perovskite, 
Quantum Dot, Semiconductor Nanocrystal, Encapsulation, 
LED.  

I. INTRODUCTION 
Solid-state lighting and display technologies rely on 

UV/blue GaN LEDs, or in some special cases laser diodes, to 
optically pump phosphors [1], [2]. For the purpose of high 
light quality and/or wide color gamut, a combination of 
narrow-band red and green phosphors are used [3]. For 
device processing and operation stability, the phosphors are 
also required to be heat and water resistant [3], [4]. However, 
the very long photoluminescence (PL) lifetime of phosphors 
precludes their utilization in applications requiring high 
speed modulation of the light, e.g. visible light 
communications [5], [6].  

Colloidal quantum dots (QDs) represent an alternative to 
phosphors for such applications [6], [7]. QDs are nanoscale 
semiconductor crystals [8] with high PL quantum efficiency, 
narrow emission linewidth and typical luminescence 
lifetimes 103 to 105 shorter than those of phosphors [7], [9]. 
Perovskite QDs of composition CsPbX3  (with X a halide 
ion), demonstrated for the first time 3 years ago [10], are 
particularly attractive because they have the fastest dynamics 
of all known QDs [9], [11].  

Despite these advantages, QDs have limitations in terms 
of stability. Several approaches have been reported to 
improve their thermal stability [12], [13], but their sensitivity 
to oxygen and moisture continues to be a problem and few 
solutions have been reported to solve them [13]–[15]. 

A promising material for narrow-band green color 
conversion is the so-called CsPbBr3@Cs4PbBr6 [16]. It 
consists of CsPbBr3 QDs formed within the wide band gap 
material Cs4PbBr6, which acts as a matrix for the QDs [17], 
[18]. As opposed to colloidal QDs, these CsPbBr3 QDs are 
inherently encapsulated in Cs4PbBr6 and have no organic 
ligands on their surfaces, which is beneficial for thermal and 
photostability. The band edge emission of such material has 
been shown to be practically temperature invariant [16]. 
However, a low cost method to enhance the stability of 
CsPbBr3@Cs4PbBr6 upon water exposure remains a 
challenge. This work comprises synthesis and analysis of 
CsPbBr3@Cs4PbBr6 crystals, and studies of the 

luminescence properties of related composite samples when 
placed in contact with water. A guest-host approach is 
chosen and two different polymeric materials are studied for 
the matrix host: poly(methyl methacrylate) (PMMA) and 
polydimethylsiloxane (PDMS). 

II. MATERIALS AND METHODOLOGY

A. Synthesis of Caesium Lead Bromide Crystals 
Stoichiometric amounts of caesium bromide and lead 

bromide at a 4:1 mole ratio were dissolved together in a 
minimum quantity of dimethylsulfoxide solvent for the 
CsPbBr3@Cs4PbBr6 preparation. This precursor solution was 
placed in an open inner vial inside a sealed outer jar 
containing chloroform. Vapour diffusion of the chloroform 
into the metal salt solution was complete over about 24 hours 
and caused formation and precipitation of the crystalline 
solids. This method follows previously reported preparations, 
but with chloroform acting as an antisolvent [16]. The 
collected crystals, with sizes ranging from a few hundreds of 
µm to mm, were washed with chloroform and dried under 
atmospheric pressure at 60 ºC (Fig. 1). Manual grinding was 
done with an agate pestle and mortar. 

Fig. 1. Synthesized bulk CsPbBr3@Cs4PbBr6 crystals under UV 
illumination. 

B. Preparation of Composites 
Two PMMA samples were fabricated by dissolving and 

stirring PMMA (Sigma-Aldrich) in toluene, together with 
ground CsPbBr3@Cs4PbBr6. A mass ratio of 3:1 was used 
for PMMA and crystals. The solvent was left to evaporate 
over time, under atmospheric pressure and temperature. One 
of the PMMA samples, a slab with a thickness of 
approximately 1 mm, was tested as it was after the PMMA 
polymerization (PMMA slab). The second sample, also a slab 
with a thickness of approximately 1 mm, was additionally 
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encapsulated in PDMS (PMMA slab encapsulated in 
PDMS).  

Two further PDMS samples were prepared by stirring 
PDMS (Sylgard 184, Dow Corning) with ground 
CsPbBr3@Cs4PbBr6. A mass ratio of 3:1 was used between 
PDMS and crystals, and a mass ratio of 5:1 between 
elastomer and curing agent. These composites were cured at 
60°C. One of the samples was moulded in the shape of a 
slab, approximately 1mm thick (PDMS slab), and the other 
in the shape of a thicker composite, approximately 3mm 
thick (PDMS thick). Crystal sedimentation was observed 
during the preparation of PDMS samples. This led to a 
heterogeneity in the concentration of CsPbBr3@Cs4PbBr6 in 
the PDMS slab and to a lower concentration of 
CsPbBr3@Cs4PbBr6 in the PDMS thick sample.  

C. Phase Analysis of Perovskite Crystals  
X-Ray Difraction (XRD) analysis was performed on 

ground CsPbBr3@Cs4PbBr6 crystals using a Bruker D8 
Discover diffractometer (GX000915), and copper radiation 
at a wavelength of 1.5406 Å. 

D. Characterization of Composites 
A 100×100 µm2 450 nm-emitting LED was used as pump 

source to measure the PL of all composites. Two sets of two 
lenses each (aspheric lenses, Numerical Aperture, NA=0.621 
and diameter of 45 mm, Thorlabs) were used to, respectively, 
image the LED light onto the samples, and to collect the 
composite’s emission onto the detector. A fiber-coupled 
CCD spectrometer (Ocean Optics, USB 4000; resolution: 
2 nm at full width half maximum) was used to acquire the 
emitted spectral data. 

The absorbance was measured by replacing the pump 
source in the previously described setup by a tungsten 
halogen lamp (Ocean Optics, HL-2000). Blank composites 
(i.e. with no CsPbBr3@Cs4PbBr6 crystals) of PDMS and 
PMMA were used as reference samples. 

 

III. RESULTS AND DISCUSSION 

A. XRD on CsPbBr3@Cs4PbBr6 crystals 
Fig. 2 shows a powder diffraction pattern from a ground 

portion of the CsPbBr3@Cs4PbBr6 crystal preparation with 
nominal Cs4PbBr6 stoichiometry, compared with a stick-plot 
representation of the literature pattern of rhombohedral 
Cs4PbBr6 [16]. A log scale has been used for clear 
presentation of weaker peaks. Positions of stronger peaks 
from our preparation match those expected from the 
Cs4PbBr6 phase, although there is evidence of preferred 
orientation effects on relative peak intensities, and one peak 
attributable to CsBr starting material. Fig. 2 is also labelled 
with peak positions calculated for cubic, perovskite-phase 
CsPbBr3 with a lattice constant of 5.84 Å, and there are clear 
matches for the 100, 110 and 210 reflections. The CsPbBr3 
111 reflection cannot be observed, but is weak in reported 
powder patterns of bulk material [19]. The findings just 
discussed are consistent with those of previous authors who 
have presented XRD evidence for spontaneous formation of 
CsPbBr3 nanocrystals within a bulk crystalline Cs4PbBr6 
host, and attributed green luminescence to this nanophase 
[16]–[18]. 

 

 
Fig. 2. a) Log-scaled powder XRD pattern from the CsPbBr3@Cs4PbBr6 
crystal preparation with nominal Cs4PbBr6 stoichiometry. The intensity range 
in the original dataset was 1-100 counts per second. b) Stick plot 
representation of literature data for the bulk Cs4PbBr6 phase, from [16]. 

B. Polymer/CsPbBr3@Cs4PbBr6 Composites 
Four different samples, using PMMA or PDMS host 

matrices, had their PL and absorbance measured before full 
immersion in deionised water. The PL spectrum of each 
sample prior to immersion in water can be seen in Fig. 3. 
There are differences in the initial maximum intensity peaks 
and respective emission wavelengths between samples. This 
is explained by intrinsic variations in the concentration of 
CsPbBr3@Cs4PbBr6 crystals and the different thickness of 
samples. Because the intrinsic PL overlaps with the 
absorption spectrum, such differences lead to different 
amounts of reabsorption, hence different intensities and red 
shifts in the PL spectrum. The PDMS thick, which has the 
least re-absorption, has a PL peak very close to the intrinsic 
CsPbBr3 emission at 520 nm. The typical PL linewidth is 17 
± 2 nm at full width half maximum. PL and absorbance 
acquisitions were repeated 1, 4 and 72 hours after the 
samples had been thoroughly stirred underwater. 

 

 
Fig. 3. Photoluminescence measurements of each of the fabricated samples 
prior to their submersion in water. Pumping was by a 450 nm µLED. 

The PL intensity of PMMA composites was constant 
over time, and its subsequent encapsulation with PDMS 
showed little to no extra improvement (Fig. 4). 

On the other hand, the PDMS samples showed an 
adverse effect as seen from the PL characteristics after 
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exposure to water. After 4 hours underwater, the PDMS slab 
(PDMS thick) had its PL intensity reduced by almost two 
orders (one order) of magnitude. These results suggest that 
water was able to reach and affect most of the crystals in the 
PDMS samples, despite the hydrophobicity of PDMS. 

The shifts of the PL peak wavelength and of the 
absorption spectrum after 1, 4 and 72-hour-immersion (with 
respect to the data before immersion) are plotted for all 
samples in Fig. 5. The PL and absorption of PDMS samples 
red shifted by approximately 8 nm. This is significant and 
indicates a reduction of the confinement of the CsPbBr3 
QDs. Although superficially suggestive of an increased 
particle size of the CsPbBr3 QDs, other possibilities are 
compositional changes to their surface layers and/or adjacent 
Cs4PbBr6 host material. There is a smaller shift for the 
PMMA samples (1 to 3 nm), very close to the measurement 
error. 

As the wavelength increases, the absorbance decreases 
for all samples. Its magnitude, however, suggests that 
samples show scattering, and they become even more 
strongly scattering after being put into water. 

This increase in absorbance after being in contact with 
water, and a red shift of the emission spectrum, suggest that 
samples underwent substantial physical and chemical 
changes while exposed to water. While these effects are 
negligible in PMMA, PDMS samples presented a significant 
drop in their PL. A possible explanation might arise from the 
differences in polymer chain arrangements and consequent 
water sorption properties between PDMS and PMMA. While 
PMMA has predominantly linear chains, and forms a dense, 
glassy microstructure after solvent evaporation, the PDMS 
used is engineered to partially cross-link during curing, to 
give an elastomeric end product [20], [21]. This 
characteristic of PDMS appears to give a microstructure 
allowing more permeation of water into the composites, and 
degradation of the luminescent CsPbBr3 QDs. Water 
permeation in the two polymer hosts have been extensively 
studied in other contexts, and there is quantitative support for 
these findings on the relative properties of PDMS [20] and 
PMMA [22]. 

 

Fig. 4. Photoluminescence at maximum intensity over time, for each of 
samples studied. Samples are presented in the same order as in the bar plot. 

The PL variations over time (Fig. 4) are in agreement 
with the thickness of the polymer host matrix, and the 

relative permeability to water just proposed. The PDMS slab 
thickness was small enough to have most of its content of 
luminescent crystals affected, and its intensity reduced by 
two orders of magnitude. The PDMS thick had its PL peak 
decreased by one order of magnitude, suggesting that the 
innermost crystals were more protected against water. 
PMMA samples showed little to no fluctuation on their 
maximum intensity PL peaks. Such results suggest that only 
the crystals exposed on the surface the samples might have 
been affected, and that crystals are better protected against 
water when embedded in PMMA. 

 

Fig. 5. Shift in wavelength of the photoluminescence peak of each sample 
after 0, 1, 4 and 72 hour-immersion in water (right) with (left) absorbance 
spectra before and after immersion in water for 72 hours. 

 

IV. CONCLUSIONS 
Motivated by their low manufacturing cost and simple 

processing, PDMS and PMMA were tested and studied as 
host matrices for the CsPbBr3@Cs4PbBr6 crystals 
synthesized in this work.   

The PDMS samples were not stable upon immersion in 
water. This finding indicates that water was able to reach the 
guest CsPbBr3@Cs4PbBr6 crystals. On the other hand 
PMMA composites showed little to no trace of degradation 
when immersed in water under vigorous stirring for up to 72 
hours. 

PMMA was found in this work to be an effective matrix 
host for CsPbBr3@Cs4PbBr6. Its encapsulation properties 
show potential for macrosized industrial applications, such as 
color conversion, where the degradation at the surface is 
mitigated by the extremely low water penetration depth, and 
the volume of the composite itself. This polymer matrix 
approach to minimise moisture-sensitivity should therefore 
enable the utilisation of the attractive fast color converting 
properties of CsPbBr3@Cs4PbBr6 for practical applications, 
such as underwater communication. 

 

ACKNOWLEDGMENT 
We acknowledge support from the EPSRC Platform 

Grant EP/P0274X/2. We thank Alan Martin for X-ray 
powder diffraction, which  was performed in the CMAC 
National Facility, University of Strathclyde Technology and 

2018 IEEE British and Irish Conference on Optics and Photonics
12-14 December 2018, London



Innovation Centre, funded with a UKRPIF capital award, 
SFC ref. H13054, from HEFCE. 

Supporting data (dataset) can be found at: 
http://dx.doi.org/10.15129/fb9f6aa0-26e2-419a-8788-
c2b051453108 

REFERENCES 

[1] M. R. Krames et al., “Status and future of high-power light-
emitting diodes for solid-state lighting,” IEEE/OSA J. Disp. 
Technol., vol. 3, no. 2, pp. 160–175, 2007. 

[2] J. J. Wierer, J. Y. Tsao, and D. S. Sizov, “Comparison between 
blue lasers and light-emitting diodes for future solid-state 
lighting,” Laser Photonics Rev., vol. 7, no. 6, pp. 963–993, 2013. 

[3] L. Wang et al., “Highly efficient narrow-band green and red 
phosphors enabling wider color-gamut LED backlight for more 
brilliant displays,” Opt. Express, vol. 23, no. 22, p. 28707, 2015. 

[4] L. Huang et al., “Highly Stable K2SiF6: Mn4+@K2SiF6 Composite 
Phosphor with Narrow Red Emission for White LEDs,” ACS 
Appl. Mater. Interfaces, vol. 10, no. 21, pp. 18082–18092, 2018. 

[5] D. C. O’Brien, L. Zeng, H. Le-Minh, G. Faulkner, J. W. 
Walewski, and S. Randel, “Visible Light Communications: 
Challenges and possibilities,” IEEE Int. Symp. Pers. Indoor Mob. 
Radio Commun. PIMRC, pp. 1–5, 2008. 

[6] N. Laurand et al., “Colloidal quantum dot nanocomposites for 
visible wavelength conversion of modulated optical signals,” Opt. 
Mater. Express, vol. 2, no. 3, pp. 250–260, 2012. 

[7] M. F. Leitao et al., “Gb/s Visible Light Communications with 
Colloidal Quantum Dot Color Converters,” IEEE J. Sel. Top. 
Quantum Electron., vol. 23, no. 5, 2017. 

[8] J. Y. Kim, O. Voznyy, D. Zhitomirsky, and E. H. Sargent, “25th 
anniversary article: Colloidal quantum dot materials and devices: 
A quarter-century of advances,” Adv. Mater., vol. 25, no. 36, pp. 
4986–5010, 2013. 

[9] F. T. Rabouw and C. de Mello Donega, “Excited-State Dynamics 
in Colloidal Semiconductor Nanocrystals,” Top. Curr. Chem., 
vol. 374, no. 5, pp. 1–30, 2016. 

[10] L. Protesescu et al., “Nanocrystals of Cesium Lead Halide 
Perovskites (CsPbX3, X = Cl, Br, and I): Novel Optoelectronic 
Materials Showing Bright Emission with Wide Color Gamut,” 
Nano Lett., vol. 15, no. 6, pp. 3692–3696, 2015. 

[11] M. A. Becker et al., “Bright triplet excitons in caesium lead 

halide perovskites,” Nature, vol. 553, no. 7687, pp. 189–193, 
2018. 

[12] B. T. Diroll, G. Nedelcu, M. V. Kovalenko, and R. D. Schaller, 
“High-Temperature Photoluminescence of CsPbX3 (X = Cl, Br, I) 
Nanocrystals,” Adv. Funct. Mater., vol. 27, no. 21, pp. 1–7, 2017. 

[13] A. Loiudice, S. Saris, E. Oveisi, D. T. L. Alexander, and R. 
Buonsanti, “CsPbBr3 QD/AlOx Inorganic Nanocomposites with 
Exceptional Stability in Water, Light, and Heat,” Angew. Chemie 
- Int. Ed., vol. 56, no. 36, pp. 10696–10701, 2017. 

[14] J. Ren, X. Dong, G. Zhang, T. Li, and Y. Wang, “Air-stable and 
water-resistant all-inorganic perovskite quantum dot films for 
white-light-emitting applications,” New J. Chem., vol. 41, no. 22, 
pp. 13961–13967, 2017. 

[15] L. Gomez, C. De Weerd, J. L. Hueso, and T. Gregorkiewicz, 
“Color-stable water-dispersed cesium lead halide perovskite 
nanocrystals,” Nanoscale, vol. 9, no. 2, pp. 631–636, 2017. 

[16] Y. Wang et al., “Solution-Grown CsPbBr3/ Cs4PbBr6 Perovskite 
Nanocomposites: Toward Temperature-Insensitive Optical Gain,” 
Small, vol. 13, no. 34, pp. 1–8, 2017. 

[17] X. Chen et al., “Centimeter-Sized Cs4PbBr6 Crystals with 
Embedded CsPbBr3 Nanocrystals Showing Superior 
Photoluminescence: Nonstoichiometry Induced Transformation 
and Light-Emitting Applications,” Adv. Funct. Mater., vol. 28, 
no. 16, pp. 1–7, 2018. 

[18] L. N. Quan et al., “Highly Emissive Green Perovskite 
Nanocrystals in a Solid State Crystalline Matrix,” Adv. Mater., 
vol. 29, no. 21, pp. 1–6, 2017. 

[19] C. C. Stoumpos et al., “Crystal growth of the perovskite 
semiconductor CsPbBr3: A new material for high-energy 
radiation detection,” Cryst. Growth Des., vol. 13, no. 7, pp. 
2722–2727, 2013. 

[20] S. J. Harley, E. A. Glascoe, and R. S. Maxwell, “Thermodynamic 
study on dynamic water vapor sorption in Sylgard-184,” J. Phys. 
Chem. B, vol. 116, no. 48, pp. 14183–14190, 2012. 

[21] P. J. Flory, Principles of Polymer Chemistry. Ithaca, New York: 
Cornell University Press, pp. 45–52, 1953. 

[22] M. Unemori, Y. Matsuya, S. Matsuya, A. Akashi, and A. 
Akamine, “Water absorption of poly(methyl methacrylate) 
containing 4-methacryloxyethyl trimellitic anhydride,” 
Biomaterials, vol. 24, no. 8, pp. 1381–1387, 2003. 

 

 

2018 IEEE British and Irish Conference on Optics and Photonics
12-14 December 2018, London



Enhancing self-assembled colloidal quantum dot 

microsphere lasers 

Pedro Urbano Alves, Dimitars Jevtics, Michael J. Strain, Martin D. Dawson, Nicolas Laurand
Institute of Photonics, Department of Physics, SUPA, University of Strathclyde 

Glasgow, UK 

pedro.alves@strath.ac.uk 

Abstract — We demonstrate the superior emission properties of a red-emitting self-assembled quantum dot microsphere laser made 

from a blend of green and red bandgap CdSxSe1-x/ ZnS quantum dots. The addition of the higher bandgap material reduces self-absorption 

and improves the Q-factor.  

Keywords — Quantum dots, lasers, nanocrystals, semiconductors, microresonators. 

I. INTRODUCTION

An optimal design of spherical microresonators requires the tuning of several parameters to minimize the loss of stored 

energy [1]. In spherical supraparticles (SPs) - self-assembled microspheres of colloidal quantum dots (CQDs) - the parameters that 

determine their quality factor (Q-factor) not only depend on the shape, size, and average refractive index of the SP, but also on their 

building blocks - the CQDs. In the solid state, CQDs can suffer from self-absorption, exciton diffusion and nonradiative 

recombination [2]. In combination, these factors dampen the oscillations of whispering gallery modes and decrease their Q-factor 

and this has in turn a detrimental effect on the properties of SP lasers.  In this work, the addition of higher bandgap CQDs to the 

fabrication of SPs is studied as a way of preventing such losses. A SP laser blending CQDs of two different bandgaps is shown to 

operate at higher intensity than, and with a similar threshold to, the equivalent structure without higher bandgap CQDs. Such SP 

lasers have great application potential for integrated circuits, imaging, sensing and novel photonic materials [3], [4].  

II. MATERIALS AND METHODOLOGY

A. Synthesis of the Supra Particles

An oil-in-water emulsion technique [3], [4] was used to synthesize spherical SPs made of CdSxSe1-x/ ZnS CQDs with oleic 
acid ligands. The CQDs were approximately 6.0 ± 0.5 nm in diameter. Two different batches were produced: red SPs made of CQDs 
emitting at 630 ± 5 nm and SPs with a blend of red and green CQDs at a ratio of 3:1, with the green CQDs emitting at 540 ± 5 nm. 
Resulting SPs dispersed in water were drop-cast onto a glass substrate and, once the water evaporated, optically-pumped individually. 

B. Optical Characterization

SPs were selected and optically pumped one at a time with a 0.76 ns pulse width microchip pulsed laser (λ = 532 nm) at a 
repetition rate of 7.1 kHz and with a beam spot area of approximately 2.88×10-7 cm2. The beam intensity was controlled by a variable 
wheel neutral density attenuator and focused on the sample with an objective lens (N PLAN EPI 50×/ 0.75, Leica). A spectrometer 
(AvaSpec-2048-4-DT, Avantes) was used to acquire the spectral data [4]. The size of the SPs was measured optically with a 

microscope and verified by the pseudo-Free Spectral Range (pseudo FSR) of their cavities, ∆𝜈𝑛,𝑙
∆𝑙 ≈

𝑐

2π.N.𝑎
, where the radius a of a

sphere with refractive index N can be expressed by the spacing between two consecutive modes with the same polarization [1]. The 

Q-factor, 𝑄 =
𝜆

∆λ
 , was calculated from the resonance center wavelength, λ, and the resonance peak width at full width half maximum,

Δλ, below lasing threshold [1]. 

III. RESULTS AND DISCUSSION

Two SPs (both 6.0 ± 0.5 µm in diameter) were selected from the synthesized batches, one containing exclusively red CQDs 

(red SP) and the other containing the blend of CQDs (blended SP). These two SPs were then characterized, and their Q-factors and 

laser intensity transfer functions compared. Emission below and above lasing threshold of the red SP is shown in Fig. 1. The red SP 

had its Q-factor estimated from the modes highlighted in grey on the normalized emission below threshold and its Fourier transform 

(Q ≈ 135 ± 19). Its lasing threshold is around 12 mJ.cm-2 (Fig. 2), but for fluences above 20 mJ.cm-2 the emission rolls over, likely 

due to electron–hole separation, charge diffusion and nonradiative recombination [2]. Micrographs of the red SP below and above 

threshold are shown in Fig. 3. Emission data above and below lasing threshold for the blended SP are shown in Figs. 4, 5 and 6. 

The presence of green CQDs reduces the density of red CQDs and therefore diminishes exciton diffusion and self-absorption at the 

laser transition, leading to an enhanced Q-factor (Q ≈ 340 ± 60). The higher Q is also reflected in the lower slope above threshold 

(Fig. 5). The effect of a lower density of the red CQDs on the modal gain is not only mitigated by the lower exciton diffusion but 
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also by the fact that green CQD can act as donors. In turn the lasing threshold is not affected significantly (12 – 14 mJ.cm-2), and 

the SP laser is able operate at higher intensity without rolling over (Fig. 5). 

 

  

 

Fig. 1. Emission of the red SP above 

(13.3 mJ.cm-2) and below (normalized 

PL) lasing threshold.  

Fig. 2. Laser transfer function of the red 

SP. 

Fig. 3. Microscope images of the red SP 

below and above lasing threshold. 

 

  

 

Fig. 4. Emission of the blended SP above 

(34.8 mJ.cm-2) and below (normalized 

PL) lasing threshold. 

Fig. 5. Laser transfer function of the 

blended SP. 

Fig. 6. Microscope images of the blended 

SP below and above lasing threshold. 

IV. CONCLUSIONS 

 Blending CQDs of two different bandgaps has been shown to improve the Q-factor and emission intensity of self-assembled 
microsphere CQD lasers. This work is an important step towards the design of higher quality CQD microcavities. 
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Abstract — Self-assembled microsphere lasers oscillating simultaneously at more than one wavelength in the visible are reported. The 

lasers consist of micron-scale supraparticles made of CdSxSe1-x/ ZnS quantum dots that emit between 585-605 nm and 625-655 nm.  

Keywords — Quantum dots, lasers, nanocrystals, semiconductors, microresonators. 

I. INTRODUCTION 

The advantageous characteristics of colloidal quantum dots (CQDs), including solution processability, near-unity emission quantum 

yield and tunable emission wavelength, make them attractive for photonic applications. Specifically in terms of laser operation, they  

have potential in integrated photonics, imaging, sensing and diagnostics [1]. To achieve lasing with CQDs, different types of cavity 

designs can be used, such as: Fabry-Perot, spherical and micro-ring resonators, vertical cavities implemented with distributed Bragg 

reflectors, and DFB gratings [1]. While single color laser oscillation has been demonstrated with CQDs, to our knowledge no reports 

regarding multicolor laser oscillation have been made to date. Such multicolor lasers would pave the way for a broad range of 

applications including miniature tunable lasers, high density color displays and sensing devices [2]. In this work, advantage of the 

whispering gallery modes present in spherical supraparticles (SPs) - self-assembled microspheres of CQDs - is taken to demonstrate 

multicolor lasing in individual SPs. 

II. MATERIALS AND METHODOLOGY 

A. Synthesis of the Supra Particles 

An oil-in-water emulsion technique [3] was used to synthesize spherical SPs made of CdSxSe1-x/ ZnS quantum dots. Three 
different batches were produced: red SPs made of CQDs emitting at ~630 nm; yellow SPs made of CQDs emitting at ~575 nm and 
SPs with a 50:50 ratio of red and yellow CQDs. Resulting SPs in water were then drop-cast onto a glass substrate and 
optically-pumped individually for the characterization process. The size dispersion of the synthesised SPs ranged approximately 
between 1 and 10 µm in diameter (Fig. 1).   

B. Optical Characterization 

SPs were selected and optically pumped one at a time with a 1.6 ns pulsed frequency-doubled Nd:YAG laser at 532 nm, at a 
repetition rate of 10 kHz, with a beam spot area of approximately 1.9×10-5 cm2. The beam was attenuated with a variable wheel 
neutral density attenuator and focused on the sample with an objective lens (4×/ 0.13, Nikon). A spectrometer (AvaSpec-2048-4-DT, 
Avantes) was used to acquire the spectrum data. The µPhotoluminescence (µPL) setup described above follows the same design as 
in previous works [4]. The size of the SPs was measured by both optical microscopy and scanning electron microscopy (SEM). 

III. RESULTS AND DISCUSSION 

Two batches of SPs emitting in a single color (red, yellow) were 
fabricated and characterized, before demonstrating emission at two 
colors (red and yellow) simultaneously. Fig. 2. and Fig. 3. show the 
typical emission intensity responses of a red SP laser (630 nm) and a 
yellow SP laser (575 nm) as a function of the pump fluence, as well as 
their characteristic photoluminescence below and above threshold. For 
both single color lasers, the threshold fluence was  between 0.5 and 
0.7 mJ.cm-2. To test if multicolor laser oscillation could be obtained with 
a single SP, the third batch of SPs was prepared with 50 % of red CQDs 
and 50 % of yellow CQDs (Fig. 4). Depending on the pump fluence, 
three laser regimes were observed. In the first regime, the first modes to 
go above the lasing threshold were in the red band and this happened 
approximately at the same fluence as their single wavelength 
counterparts (0.5 to 0.7 mJ.cm-2). For the second regime, at around  

 

 

Fig. 1. SEM image of a red SP approximately 1.5 µm 
in diameter (representative example). 
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2.0 mJ.cm-2, modes in the yellow band started to oscillate while the modes in the red band started to lose energy. Stable dual color 
lasing was obtained at approximately 2.4 mJ.cm-2 (Fig. 4). The third regime, at higher fluences, had the modes in the yellow band 
dominating the emission spectrum whilst modes in the red returned to their below threshold state. 

    

Fig. 2. Laser transfer function of a red SP (diameter: 7.6 µm) 
and its typical spectrum below and above threshold. 

Fig. 3. Laser transfer function of a yellow SP (diameter: 
6.8 µm) and its typical spectrum below and above threshold. 

 

Fig. 4. Laser transfer function of a multicolor SP (diameter: 6.4 µm) and its typical spectrum below and above threshold. 

IV. CONCLUSIONS 

Multicolor lasing in individual self-assembled CQD SPs has been demonstrated. Three lasing regimes were successfully 
demonstrated in a single SP, as a function of the pump fluence (namely single color red, single color yellow and simultaneous dual 
color red and yellow). Future work will focus on studying these properties further and demonstrating possible applications. 
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