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Frontispiece

LA

Off resonance fan-shape ASE Super Yellow DFB laser submersed
emission from CQDs emitting at in deionised water demonstrating
630nm of CHDV DFB cavity. fan-shaped emission.

CQD/DFB laser with fan-shaped Alloyed-core/shell CdS,Se,,/ZnS in
emission. toluene. Intrinsic PL 540nm, 575nm
and 630nm.



Abstract

This thesis presents research on solution-processed semiconductor lasers, with an
emphasis on colloidal quantum dot (CQD) lasers, aimed at progressing the state of
the art of the technology. A particular focus is placed on demonstrating such lasers
under long (>nanosecond) pulse pumping in order to bring this device technology

closer to applications.

Alloyed-core CdSSe CQDs with a ZnS outer shell that emit in the visible are
studied. These were prepared in a solid-state thin-film overcoated with a poly-
meric cladding (polyvinyl alcohol or PVA) to demonstrate a distributed feedback
(DFB) laser having a bilayer waveguide structure. It is shown that the PVA sym-
metrises the laser structure and reduces the modal losses, in turn enabling the
lowest threshold operation in the nanosecond regime for CQD lasers at the time;
13.5 uJ/cm? at 5 ns. The format is also beneficial for the photostability of the

laser.

The CQDs are also demonstrated as the gain material of a robust, orange-emitting
Vertical-Cavity Surface-Emitting Laser (VCSEL). Oscillation threshold comprised
between 1 and 20 m.J/cm? for 5ns pump pulse duration are obtained. For a broad
area excitation (250 um at 1/e? radius), the operation is highly multimode and
characterised by spatio-temporal instabilities. When pumped with a spot size
at or below 100um in radius, the VCSEL is observed to be single mode for low
pump energies while additional longitudinal modes, as well as transverse mode,
appear as the pumping level is increased. A study of the polarisation of the CQD
laser emission for different polarisation of the pump was carried out and the Stokes
parameters calculated. Results show that the pump polarisation has no significant

effect on the VCSEL polarisation.

While the bulk of the research concerns CQDs, two types of organic semicon-
ductors were also applied to the aforementioned DFB laser structure. Poly(para-
phenylenevinylene) (PPV) copolymer Super Yellow leading to what is to the best
of our knowledge, the only case of completely ambient lasing using Super Yellow.
Refractive index sensing with the laser was attempted and results are summarised.

The second type in fact consisted of two organic semiconductor materials from the



same novel family of autofluorescence molecules respectively named Blue 4 and
Blue 6. These are investigated for the first time as laser materials. Both materials
show signs of random lasing when prepared in a solid-state film. Single mode

lasing in distributed feedback format is also demonstrated with Blue 4.



Acknowledgements

I would like to begin by thanking Professor Martin Dawson for granting me the
opportunity to work as part of the Institute of Photonics. I would like to express
a great amount of appreciation to my supervisor Dr Nicolas Laurand who, along
with much patience for my ideas and ramblings, also offered support and guidance
throughout my studies. I believe that without him I would not have been able to
complete this Ph. D. In addition I would also like to show thanks to Dr Benoit

Guilhabert for his advice and guidance throughout my studies.

I would like to express my gratitude to all the colleagues and, more importantly,
friends I have made at the institute creating great memories and experiences. 1|
would like to thank Sharon Kelly for all of her administration help as well as the
help received on the general running of the group. Finally I would like to thank
my family for providing me support and understanding not only throughout my
studies but also day to day life. To my parents, Lydia and William McLellan,
thank you. My mum for always pushing to get the support I needed and my dad
for creating the interest in physics. If it was not for them pushing me, to not only

better myself academically but as a person, I would not be where I am today.

I would also like to take this opportunity to thank former supervisors from my
undergraduate and masters studies at the University of Glasgow, in particularly
Professor Martin Hendry, Dr Nicolas Labrosse and Dr Harry Ward. I would also
like to extend thanks to Ms Shona Robertson from the University of Glasgow’s

disability service and to my secondary school physics teacher Mr McKay.



Contents

Declaration of Authorship i
Frontispiece ii
Abstract iii
Acknowledgements \%
List of Figures X
List of Tables xvii
Abbreviations xviii
I Introduction 1
1 Introduction 2
1.1 An introduction to lasers . . . . . . . . ... ... ... 2
1.2 Motivation and thesis outline . . . . . ... ... ... ... .... 4
1.3 Howlaserswork . . . . . . . . . .. .. ... 5
1.3.1 Absorption, spontaneous and stimulated emission. . . . . . . 7

1.3.2  Population inversion . . . . . .. ... ... 8

1.3.3 Absorption and emission cross section . . . . . . .. ... .. 10

1.3.4 Rateequations . . . .. .. ... ... ... ... ... 11

1.3.5 Amplified spontaneous emission . . . . . .. ... ... ... 12

1.3.6  Gain and threshold . . . . . ... ... ... ... ...... 15

1.3.7 Optical resonators . . . . . . ... ... ... .. ... ... 18

1.4 Colloidal quantum dots . . . . . . .. .. ... .. L. 20
1.4.1 Quantum confinement . . . . . .. ... ... ... ... .. 21

1.4.2  Energy levels and transitions . . . . . . . ... ... ... .. 22

1.4.3 Emission - band-edge state fine structure . . . . . . . . . .. 24

1.4.4 CQD structure classification . . . . . .. .. ... ... ... 26

1.45 CQD synthesis . . . ... ... ... . oo 28

1.4.6 CQDs as a visible gain material . . . . . .. ... ... ... 30

1.4.6.1 Non-radiative Auger recombination . . . . . . . .. 31

vi



Contents vii
1.4.6.2 Colloidal quantum dot lasers: State of the art . . . 33

1.5 Organic semiconductor gain media . . . . . . . ... .. ... ... 36
1.5.1 Different types . . . . . . ... 36
1.5.1.1 Dyes . . . .. . o 36

1.5.1.2  Conjugated polymers . . . . . . . . ... ... ... 37

1.5.1.3 Conjugated oligomers . . . . ... ... .. .... 38

1.5.2  Organic semiconductor lasers . . . . . ... ... ... ... 39
1.5.2.1 Background . . . .. ... ..o 39

1.5.2.2  Electronic properties . . . . . . .. ... ... ... 40

1.5.2.3  Fluorescence and phosphorescence . . . . .. . .. 42

1.5.2.4  Organic lasers: State of theart . . . . . ... ... 44

1.5.2.5  Wavelength . . . ... .. ... ... ... ... .. 45

1.5.2.6  Threshold . . . . ... ... ... ... ... . ... 45

1.5.2.7 Photostability . . . . . ... ..., 46

1.5.3 Photodegradation . . . . . .. .. ... 0oL 47

1.6 Conclusion . . . . . . . . . 49
References . . . . . . . . . 50
2 Nanoparticle lasers: design and models 68
2.1 Introduction . . . . . . ... ... 68
2.2 Distributed feedback laser . . . . . . ... ... 0oL 69
2.3 DFB fabrication . . . . . . . .. ... 74
2.3.1 Master grating . . . . . ... Lo L 74
2.3.2 Neatlasers. . . . . . . . . .. 75
2.3.3 Nanocomposite lasers . . . . . . ... ... ... .. ... .. 76
2.3.4 Encapsulated lasers . . . . . . ... ..o 76

2.4 Optical characterisation setup . . . . . .. .. ... ... ... ... 7
2.4.1 Amplified spontaneous emission set up . . . . . . ... ... 78

25 DFB modelling . . ... ... ... ... 79
2.5.1 Transfer matrix . . . . . .. ... 79
2.5.2 Effective refractive index . . . . . .. ... ... .. 81
2.5.3 Modeprofile. . . .. ... 82

26 VCSEL . . . .. 82
2.6.1 Fabry-Pérot . . . . . .. ... 83

2.6.2 Distributed Bragg reflectors . . . . .. .. ... ... 84
2.6.3 Gaussian beam optics in a cavity . . . . . ... ... 86
2.6.4 Hermite-Gaussian . . . . . . ... .. ... L 89
2.6.5 Laguerre-Gaussian . . . . . .. .. .. ... 90

2.7 Spin Injection . . . . . ... 92
2.7.1 Electron spin interactions . . . .. . . ... ... ... ... 93
2.7.2  Pauli exclusion principle . . . . .. ... 94
2.7.3 Semiconductor energy bands . . . . ... ... 94
2.7.4 Bulk III-V semiconductors . . . . . .. ... .. .. ..... 95
2.7.5 Spin injection in quantum wells . . . . . . . ... ... L. 97



Contents viii

276 Quantumdots . . . . .. .. .. 98

2.8 Random lasing . . . . .. . ... 100
29 Conclusion . . . . . ... 101
References . . . . . . . . . . 102
II Results 107
3 CQD DFB lasers 108
3.1 Introduction . . . . . . . ... 108
3.2 Design and fabrication of the CQD DFB structure . . . . . . . . .. 109
3.2.1 Braggequation . . ... ... ... o 109
3.2.2 2nd order bilayer DFB laser . . . . . .. .. ... ... ... 109
3.2.3 Alloyed-core/shell CdS,Se;_,/ZnS. . . . . . ... ... ... 112
3.2.4 Initial studies using polymeric gratings . . . . . . ... ... 113

3.3 Optical Characterisation . . . . . . . . ... ... ... ....... 115
3.3.1 Emission and absorption . . . . . ... ... ... ... .. 115
3.3.2 ASE and photostability . . . . . ... ... 116
3.3.3 DFB Characterisation . . . . .. ... ... ... ...... 116

3.4 Results and discussion . . . . ... ... ... L. 117
341 Studyof ASE . . . . ... 117
3.4.2 Photostability . . . . ... ... oo 124
3.4.3 Laser characterisation . . . . . ... ... ... ... .... 124

3.5 Conclusion . . . . . . .. 127
References . . . . . . . . . 129
4 CQD-VCSEL 133
4.1 Introduction . . . . . . . .. .. 133
4.1.1 Background . . . .. .. .. oo 134

4.1.2 Epitaxial VCSELs . . . . . ... ... L 135
4.1.3 The “Yellow/green gap” . . . . . . . ... .. ... .. ... 136
4.1.4 The solution based approach . . . . . . ... ... ... ... 137

4.2 VCSEL design and fabrication . . . . . . .. .. .. ... ... ... 138
4.3 Optical setup . . . . . . .. . 139
4.4 CQD-VCSEL . . . . . . 142
4.4.1 Free spectral rtange . . . . ... ... L. 142
4.4.2 250 pm diameter broad area VCSEL . . . . . . .. ... .. 146
4.4.3 110 um VCSEL pump spot . . . . . . . . .. .. ... ... 148
4.4.4 Slopeefficiency . . . .. .. ... o 150

4.5 VCSEL polarisation . . . . . .. ... ... ... ... 151
4.5.1 Linearly polarised excitation . . . . . .. .. ... ... ... 151
4.5.2 The Stokes parameters . . . . . . .. ... ... ... ... 152
4.5.2.1 Stokes parameter . . . . . . ... ... ... .. .. 152

4.5.2.2 Rotating quarter wave-plate . . . . . . . ... ... 155

4.5.2.3 Spin-polarised excitation . . . . . ... ... 158



Contents ix

4.6 Conclusion . . . . . . . . . 163
References . . . . . . . . . . 164
5 Organic semiconductor lasers 175
5.1 Introduction . . . . . . .. ... 175
5.2 Super Yellow . . . . . .. 177
5.2.1 Design and fabrication of devices . . . . . . .. .. .. ... 178
5.2.2 Measurements . . . . .. ... 181
5221 PL .. ... 181

5.2.2.2 ASE and laser characterisations . . . . . . . . . .. 182

523 Results. . . . ... . 183
52.3.1 ASE . . . ... 183

5.2.3.2 DFBoperation . . . ... ... ... ... ..... 183

5.2.3.3 Glycerol measurements . . . . . . ... ... .. .. 191

5.2.3.4 Encapsulation of laser devices . . . . . .. .. ... 193

53 Bluedand 6. .. ... .. . . . . ... 198
5.3.1 Preparation . . .. ... . ... ... 198
5.3.2 Optical characterisation of Blue 4 and Blue6 . . . . . . .. 199

54 Results . . . . . . . 200
54.1 Blued . . . . . .. 200
5.4.1.1 ASE and random lasing in thin films . . . . . . .. 200

5.4.1.2  Solvent annealing . . . . . . ... .. ... ..... 205

54.1.3 DFBlaser . . . . .. ... ... ... ........ 206

55 Blue6 . . . . .. 208
5.5.1 ASE and random lasing in thin films . . . . . ... ... .. 208

5.6 Conclusion . . . . . . . . ... 210
References . . . . . . . . . . 213
IITI Conclusion and Outlook 220
6 Conclusion and outlook 221
6.1 Summary . . . . ... 221
6.2 Prospectives for solution-processed lasers . . . . . .. .. ... ... 223
6.2.1 CQD laser cavities . . . . . .. ... ... ... ... .. .. 223
6.2.2 CQD laser materials . . . . ... ... ... .. ... ... 225
References . . . . . . . . . . 228

List of Publications 230



List of Figures

Frontispiece . . . . . . . . .

1.1
1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

1.10

1.11

1.12

Schematic of basic Fabry-Pérot laser oscillator. . . . . . . . .. . ..
Energy level schematics of a) absorption on a photon exciting an
electron to the higher energy level and creation of a hole b) sponta-
neous emission of a photon as electron recombines with hole and c)
stimulated emission due to incident photon forcing recombination,
duplicating the incident photon. . . . . . . . . ... ... ... ...
Schematic of population inversion in a a) three level energy system
and b) four level energy system. . . . . . . ... ... L.
Plots of the emission intensity above and below threshold. a) Rela-
tion to gain with increasing pump power and b) output versus the
input power, the slope efficiency. . . . . . . .. ... ... ... ...
Laser cavity formats: a) classic Fabry-Pérot cavity, b) polished end
facet of the rod as out-coupler, ¢) VECSOL, d) Littman cavity, e)
VCSEL, f ) DBR laser, g) slab waveguide with high-quality end-
facets, h) doped fibre, i) WGM laser, j) random laser [70]. . . . ..
CQDs in solution with increasing diameter from left to right from
Cytodiagnostics http://www.cytodiagnostics.com. . . . . . . . . ..
Schematic representation of semiconductors in bulk, quantum well,
wire and dot format. Density of states functions for electrons in the
conduction band of the semiconductor with band gap Eg for each
corresponding structure. . . . . . .. ... L L
Band gap of CQDs is determined by their radial dimensions. a) Dis-
plays how the band structure alters and b) shows CQDs dispersed
in solution with different diameters and spectra [13].. . . . . . . ..
a) Depicts allowed transitions when creating an exciton pair and b)
displays four energy bands corresponding to the conduction band,
the heavy-hole (hh) band, the light-hole (Ih) band and the spin orbit
split off (80). . . . . . . .
a) Band structure of a CdSe CQD and b) absorbance spectra of
CdSe CQD displaying for transition [76]. . . . . .. ... ... ...
Representation of the bright-dark exchange interaction of the ground
state excitation structure, the CQD shape asymmetry and crystal
field. . . . . .
a) Schematic of spherical core/shell CQD b) electronic band struc-
ture representation of different types of CQD. . . . . .. .. .. ..



List of Figures

x1

1.13

1.14

1.15

1.16

1.17

1.18
1.19
1.20

1.21

1.22

1.23

1.24

1.25
1.26

2.1
2.2

2.3

a) Schematic of the wet chemical reaction used for the synthesis
of CdSe CQDs and b) adding organic ligands with TOPO: tri-
octylphosphine oxide and TOP: trioctylphosphine to the CdSe CQD
adapted from [73]. . . . .. ..o
a) Modelling the lowest optical transition can be simply considered
as a two-level system having two electrons in the valence band (the
ground states). When an external excitation is applied an exci-
ton pair is created. When another incident photon is applied the
electron recombines with the hole emitting a photon. This process
is known as stimulated emission. b) When the energy from the
electron-hole recombination is transferred to either the electron or
hole and it is known as non-radiative Auger recombination. . . . . .
Popular dye materials and their molecular structure: a) 4- (di-
cyanomethylene) -2-methyl-6- (4-dimethylaminostyryl) -4H-pyran
(DCM), b) 4- (dicyanomethylene) -2-methyl-6- (julolidin-4-yl-vinyl)
-4H-pyran (DCM2), c) perylene, d) Rhodamine 6G (R6G), ) Coumarin
47, f) pyrromethane (PM) [70]. . . . .. ... ..o
Common monomer building blocks: a) (poly) para phenylene (PPP),
b)(poly) para phenylene vinylene (PPV), ¢) (poly) fluorene (PFO),
d) (poly) ethylene dioxythiophene ((PEDOT), e) benzothiadiazole
(BT), and f) (poly) thiophene (PT) [70]. . . . . ... .. ... ...
Structural examples of different oligomers: a) star-shaped oligoflu-
orene benzene, b) spiro-bifluorene, and c¢) bisfluorene-cored den-
drimer [70]. . . . . . L
Representation of the a) 2s orbital and b), ¢) and d) the 2p orbitals.
Depiction of the a) sp* and b) the sp® hybridisations. . . . . . . ..
A schematic illustration the m-electron delocalisation in single and
double bonds in an ethylene molecule. . . . . ... ... ... ...
Phase representation for the wavefunctions of a) = and b) 7* orbitals.
Absorption and emission spectra of photons illustrating optical tran-
sitions in between the Sy and 5 electronic states with corresponding
fluorescence and absorption spectra displaying the transitions [165].
Overview of reported wavelengths of organic lasers, from [70].
Overview of reported pump energy fluencies of organic lasers, from
[T0]. . o
Overview of reported photostability of organic lasers, from [70].

a) Molecular structure of photo-oxidation of fluorene units, b) photo-
oxidation of the oligourene truxene under UV illumination where
the green emission is produced from he photo-bleached pump spot.

Example of a one layer planar slab waveguide. . . . . . . .. .. ..
Example of the transverse mode effective refractive index as a func-
tion of film thickness. . . . . . . . .. ... ..o
Examples of DFB laser structures of a) first order (m = 1) and b)
second order (m=2). . . . . . ...

37

38

39
40
41

42
42
44
45
46

47

48

69

71



List of Figures xii

2.4

2.5

2.6

2.7

2.8

2.9

2.10

2.11

2.12

2.13

2.14

2.15

2.16

Silica master grating with A = 350nm, modulation depth 50nm a)
SEM image, b) AFM image and ¢) AFM profile scan. . . . . . . .. 75
Optical set up utilised in DFB lasing measurements. . . . . . . . . . 78
Plain view schematic of pump on thin film sample in the search for

Representation of multilayer stack of N thin films surrounded by
substrate and superstrate layers, with a propagating laser mode
indicated by the blue dashed curve. . . . . . ... ... .. ... .. 80
a) Schematic of a Fabry-Pérot cavity with length L,, and gain
region with refractive index n, b) normalised optical cavity modes

with FWHM (0A) and FSR (AX). . . . . . . .. ... ... ... 83
Typical reflectivity spectrum of a DBR strucuture (solid blue line)
overlaid by the corresponding transmissivity spectrum (orange dashed

Schematic of a Gaussian bean cavity of optical length, L,,. Here
wo is the waist radius at the first (planar) mirror, M, zg is the
Rayleigh range, the angle of divergence 6 and the two mirrors with
RoC My, My, Ry and R, respectively [20]. . . . . . .. ... ... .. 88
Hermite-Gaussian electric field distribution of various modes based,
starting with a Gaussian mode, on the device utilised in Chapter 4. 91
Spatial energy distribution of Laguerre-Gaussian modes. Image
is taken from Lucas Hofer, “M? and High-order Modes,” http://
www.dataray.com/blog-m2-high-order-modes.html, 07/06/2017. . . 93
Schematic diagram from [16] of a semiconductor made up of four-
valent atoms where the p- and s-states are hybridised forming bond-
ing and anti-bonding molecular orbits that evolve into conduction
and valence band of the semiconductor. . . . . . . .. ... ... .. 95
Detailed sub-level schematic of a bulk III-V semiconductor with di-
rect band gap and £ = 0. Circularly polarised excitation dictates
the electron transitions with energy E, shown from the degener-
ate valence bands to the conduction band, with no magnetic field
present from [16]. . . . . . . ..o Lo 96
Detailed sub-level schematic of a zinc-blende quantum well band
structure dipicting the selection rules under circularly polarised op-
tical pump from [16]. . . . . . . ... 98
a) A two-level degenerate system with the conduction band split-
ting magnified. This shows the excited electron relaxing from a
circularly polarised state into a linear polarised state before emis-
sion. b) 1S3/5-1S, structure indicating the exciton pair dependence
on polarisation. EY and E} represent the linear polarised levels,
EY and EE represent LCP levels and EY and E% with RCP. |0 >,
| 1> and | |> representative of the different polarisation outputs. . 99



List of Figures xiii

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

4.1
4.2
4.3
4.4

4.5

Schematic of the second order DFB laser structure with grating
substrate, A = 380nm, 50nm modulation depth, 300nm CQD layer
and 180nm PVA layer. The laser is pumped at an angle (purple
arrow) and has vertical emission (orange arrows). . . . . . ... .. 110
Mode and refractive index profile of a a) neat waveguide structure
and b) PVA encapsulated waveguide structure. . . . . . . . ... .. 111
Absorption and intrinsic PL spectra of CQDs dispersed at 1mg.mL~!
in toluene for a) 575nm emitting CQDs and b) 630nm emitting CQDs.113
a) Chemical structure of CHDV and the PAG. Upon exposure to
light, the monomers are linked through their vinyl ether units [18] b)
CHDV grating under torch illumination shows the grating structure
through its diffracted light (green colour) ¢) AFM image of CHDV
grating with contamination of PDMS from the lithography process
d) 630 nm CQDs emitting ASE on CHDV grating. . . . . . . . . .. 114
Transfer functions for the detection of ASE for the 630 nm CQDs
with concentration 50 mg.mL~! inset display the corresponding
ASE spectra and edge emission from CW stripe excitation. . . . . . 117
Emission profiles for 575 nm CQDs with CW edge PL (black dash
line), CQD sample edge emission (data: open black triangles; fit:
red dash-dot line) and CQD/PVA sample edge emission (data: black
square; fit: blue solid line) under 5ns-pulse pumping. . . . . . . .. 119
Edge PL peak intensity versus pump fluence for the CQD sample
(blue data points and dashed line) and CQD/PVA sample (black

data points and solid line). . . . . . .. ... 121
Photo-degeneracy of the ASE peak intensity versus time CdS,Se;_,./ZnS
film and PVA encapsulated film. . . . . . .. ... ... ... .... 125

Transfer function of a) CQD/DFB Neat laser, b) PVA/CQD/DFB
lasers with nanosecond optical pump source, displaying correspond-
ing T'My modes. Inserts show laser emission spectra. ¢) PVA/C-
QD/DFB laser emission under optical pump d) output energy verses

pump energy of PVA/CQD DFB laser. . . . . . ... ... ..... 126
Systematic fabrication techniques to create CQD-VCSEL. . . . . . . 138
Experimental setups for CQD-VCSEL investigation. . . . . . . . .. 140
Spectra of 575 nm CQDs in closed cavity of 70% and 99% reflectivity

DBRs (no wedge).. . . . . . . .. 143
a) Model of the cavities FSR using the transfer matrix method, b)

refractive index of CQD-VCSEL representing the structure. . . . . . 144

a): CQD-VCSEL optically pumped with 250um spot multimode
emission spectra with main peak occurring at 591.1nm with longi-

tudinal modes present b) transfer function for the 591.1nm central
peak with threshold energy 2.1 mJ/cm?. . . . . . . ... ... ... 147



List of Figures Xiv

4.6

4.7

4.8
4.9

4.10

4.11

4.12

4.13

4.14

4.15

5.1
5.2

5.3
5.4

Images of CQD VCSEL emission beam observed by the Thorlabs
beam profiler at two different excitation positions. Each image
corresponds to a lapse in time. Spatio-temporal instabilities are
observed with occurrences of narrow spectral “spikes” or “beams”
associated with spatial solitons. . . . . . . . . ... ... 148
Transfer function of the CQD-VCSEL when excited with small
pump spot with threshold energy 8.5 m.J/cm? inset: single, lon-
gitudinal mode lasing spectra. . . . . . . .. ... 149
Slope efficiency of 2% for CQD-VCSEL with 110um pump spot. . . 151
a) The intensity of the CQD-VCSEL emission versus angle of po-
lariser b) detected laser intensity as a function of the polarisation

angle. . .o 152
a) Polarisation ellipse including direction and angles of ellipticity.
b) Poincaré sphere. . . . . . . ... o o 154
Normalised CQD intensity as a function of rotating QWP overlaid
with modelled intensity from Stokes parameters. . . . . . . . . . .. 156

a) A two-level degenerate system with the conduction band splitting
magnified. This shows the excited electron relaxing from a circularly
polarised state into a linear polarised state before emission. b)
1535 - 1S, structure indicating the exciton pair dependence on
polarisation. EY and E! represent the linear polarised levels, EY
and EF represent LCP levels and EY and E% with RCP. [0 >, | 1>
and | | > representative of the different polarisation outputs. . . . . 159
Normalised CQD intensity versus QWP angle with modelled inten-
sity calculated from the corresponding Stokes parameters.. . . . . . 160
Normalised CQD intensity from LCP optical pump source versus
QWP angle with modelled intensity calculated from the correspond-
ing Stokes parameters. . . . . . ... ... 161
Normalised CQD intensity from RCP optical pump source versus
QWP angle with modelled intensity calculated from the correspond-
ing Stokes parameters at resolution of 0.13 nm. . . . . . . . .. .. 162

Molecular structure of Super Yellow [29]. . . . ... ... ... .. 177
a) Schematic depicting the implementation of an OS laser sensor;
the laser surface is functionalised to capture specific analytes, and
b) laser mode intensity overlap of the multi-region laser structure,
from [41], where the evanescent part of the laser mode interacts
with analytes on the surface. . . . . . . . . ... ... ... ... .. 179
Optical setup for varying effective refractive index of SY/DFB lasers.181
a) Photoluminescence spectra of Super Yellow film spun cast on
planar glass substrate diluted at 6 mg.mL™! in toluene b) absorption
and electroluminescence spectra from Merck data sheet. . . . . . . . 182



List of Figures XV

5.9

5.6

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

a) ASE spectra for nanosecond pumped nanocomposite SY film
(20mg.mL~! in PMMA chloroform matrix) spun cast onto planar
glass substrate excited at pump energies ranging 1 puJ to 70 uJ, b)
corresponding transfer function of ASE with threshold energy of 22

Super Yellow diluted at 6mg.mL~! in DCM drop cast onto NOA 65
grating. The film was then rolled with a glass cuvette increasing
surface area and uniformity where a) is the emission spectra excited
over a pump range of 0.03 pJ to 2 uJ and b) the corresponding
transfer function with threshold energy 0.52 pJ. . . . . . . . . . .. 186
Lasers spectra under different pump energy for samples made from
SY diluted in chloroform at 7mg.mL~! spun cast over a range of spin
rates onto an adhesive grating, period 350 nm. Lasers are excited
with a stripe. Insets display the corresponding transfer functions
for each spin speed and are displayed in table 5.1. . . . . . . .. .. 187
a) AFM image of SY thin film diluted at 5mg.mL~" in toluene
spun cast at 4krpm. Indentation (scratch) is from measuring film
thickness. b) 3D representation of a. . . . . . . ... ... ... .. 188
SY /DFB laser with film spun cast at Tkrpm optically excited over a
range of 0.1uJ to 14uJ via spot pump geometry, inset: correspond-
ing transfer function. . . . . ... ..o oL 189
SY/DFB lasers attached to a quartz cuvette and submerged in DI
water spectra for 3 different spin speeds of SY film, a) 5krpm, b)
6krpm and c) 8krpm. Insets are the corresponding transfer functions.190
SY/DFB emission where the laser mode wavelength is represented
versus effective refractive index. The error bars represent the wave-
length range incorporating the multimodal nature when present. . . 192
SY/DFB laser excited over an energy range 0.01uJ to 1.2uJ where
a) is the raw emission spectra and b) is the spectra after encap-
sulation with 180nm thick PVA. Insets display the corresponding
transfer functions. ¢) and d) are models of the mode confinement
of the devices discussed in section 2.5.1.. . . . . . . . .. ... ... 194
Model of the modal confinement if SoG if successfully utilised in
thelab. . . . . . 196
SY/DFB spectra (excited over a pump range of 0.02 pJ to 2.4 uJ)
a) before and b) after encapsulation with 3000nm thick parylene.
Insets display the corresponding transfer functions. . . . .. . . .. 197
a) The molecular structure for Blue 4, b) the molecular structure
of Blue 6, ¢) the absorption and emission profiles of Blue 4 and d)
absorption and emission profiles of Blue 6. . . . . . ... ... ... 199
2krpm Blue 4 film (10 mg.mL™! in toluene) spectrum at different
pump fluence (53 pJ/cm? to 7170 uJ/cm?). a) A random lasing
mode at 433.9 nm, FWHM of 0.3 nm, dominates. b) Integrated
intensity versus pump fluence the red line is a guide to the eye. . . 202



List of Figures

XVv1

5.17

5.18

5.19

5.20

5.21

5.22

6.1

6.2

Blue 4 at 10mg.mL ™! spun cast onto planar glass substrate at 1krpm
excited over a pump range of 6 uJ/cm? to 880 puJ/cm?. a) Main
random lasing mode occurring at 440.3nm with FWHM of 0.6 nm
and b) the corresponding transfer function. . . . . . . .. . ... ..
8krpm Blue 4 film (20 mg.mL ™! in toluene); a) spectrum at different
fluence values (ranging over 40 pJ/ecm? to 5580 uJ/cm?) showing
2 main peaks occurring at 438.4nm and 436.8nm; b) integrated
intensity versus pump fluence. . . . . .. ..o
Variable stripe length (VSL) gain measurement on 4krpm thin film
of Blue 4 optically excited at 17 uJ giving a gain coefficient of 20
cmTl
Sample annealed in a toluene atmosphere for 1 week. a) Spectra
(for pump fluencies ranging from 2 u.J/cm? to 300 uJ/cm?); b)
Integrated intensity versus pump fluence. . . . . . . ... ... ...
Blue 4 DFB laser, spin rate 6krpm, grating NOA 65, 276nm period,
a) spectra (excited over a pump range 0.002 uJ to 0.3 pJ) and b)
the corresponding transfer function. . . . . . . . . .. ... ... ..
5krpm spin rate of Blue 6 film diluted at 20 mg.mL~! in toluene.
a) Spectral evolution (excited over a pump fluence range 3 u.J/cm?
to 510 pJ/cm?) with the main mode occurring at 422.3 nm and b)
transfer function of integrated intensity verse pump fluence.

a) Optical setup showing injected pump, b) successful coupling of
pump and ¢) CQD emission. . . . . .. ...
Taken from [9] plot depicts the emission tunability of selected CQD
materials. . . . .. ..

204

. 211



List of Tables

3.1
3.2

0.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

Parameters for the fits used when plotting figure 3.7. . . . . . . .. 122
Fit parameters with Auger recombination as main detrimental effect.123

Optical parameters is SY /DFB laser when excited by a stripe. Error

in the wavelength is &+ half of the resolution (1.3nm). . . . . .. .. 188
Optical parameters of SY/DFB laser when excited by a spot. Error
in the wavelength is £ half of the resolution (1.3nm). . . . . .. .. 189

Optical parameters of SY/DFB laser submerged in DI water noting
the change in emission wavelength. Error in the wavelength is +
half of the resolution (1.3nm). . . . . . ... ... ... ... .... 191
Optical parameters of SY/DFB laser when submerged in different
concentrations of glycerol. Error in the wavelength is + half of the

resolution. . . . . . ... L 193
Blue 4 diluted at 10 mg.mL™! in toluene thin film spin rates, peak
wavelength and threshold fluences. . . . . .. ... ... ... ... 200
Blue 4 diluted at 20 mg.mL™! in toluene thin film spin rates, peak
wavelength and threshold fluences. . . . . . . ... ... ... ... 201
DFB laser based on Blue 4 diluted at 20 mg.mL~! in toluene - spin
rate, emission wavelength and threshold. . . . . .. ... ... ... 208
Blue 6 diluted at 20 mg.mL™! in toluene thin film spin rates, peak
emitting wavelength and threshold fluencies’. . . . . . . . . . .. .. 210

xXvii



Abbreviations

I0P Institute of Photonics

AFM Atomic Force Microscopy

ASE Amplified Spontaneous Emission
cQDb Colloidal Quantum Dot
CW Continuous Wave

DBR Distributed Bragg Reflector

DFB Distributed Feedback

FSR Free Spectral Range

FWHM Full Width Half Maximum
HOMO Highest Occupied Molecular Orbit
LED Light Emitting Diode

LCP Left Circularly Polarised

LUMO Lowest Unoccupied Molecular Orbit
NC Nano Crystal

NOA Norland Optical Adhesive

OLED  Organic Light Emitting Diode

OS Organic Semiconductor

PAG Photo Acid Generator

PL Photoluminescence

PLQY  Photoluminescence Quantum Yield
PVA Poly (vinyl alcohol)

RCP Right Circularly Polarised

RoC Radius of Curvature

Xviii



Abbreviations

XiX

RL
SoG
TIR
TE

™
uv
VCSEL
VSL
WGM
YAG

Random Laser

Spin on Glass

Total Internal Reflecion

Transverse Electric

Transverse Magnetic

Ultraviolet

Vertical-Cavity Surface-Emitting Laser
Variable Stripe-Length

Whispering Gallery Mode

Yttrium Aluminium Garnet



To my family.

XX



Part 1

Introduction



Chapter 1

Introduction

This chapter introduces the background and motivations for the thesis research and
presents the basic physics principles and properties of the materials and devices
studied. Specifically, it covers fundamentals of lasers and gives information on
solution-processed photonic materials (colloidal quantum dots and organic semi-

conductors) for application in lasers.

1.1 An introduction to lasers

Lasers are relatively common in today’s world and can be found in a wide variety of
devices, from household appliances to industrial machinery. Laser is an acronym,
which stands for Light Amplification by Stimulated Emission of Radiation. The
term was coined by Gordon Gould in 1957 based on the main physical process

exploited in the generation of coherent light.

Laser action, or more precisely oscillation, was first demonstrated in 1960 by
Theodore Maiman at Hughes Research Laboratories in a pulsed ruby laser pumped
by flashlamps [1]. Maimans research followed on from the theoretical work of
Charles Hard Townes and Arthur Leonard Schawlow that showed that masers
(MASER= microwave amplification by stimulated amplification of radiation, a
concept first demonstrated by Townes group at Columbia University in 1954)
could be made to operate in the optical and infrared regions. In the same year the

first gas laser (helium-neon laser [2]) was shown. The first laser diode, based on
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the semiconductor gallium arsenide, was demonstrated in 1962. Over the years,

and to this day, the development and applications of lasers have flourished.

Lasers differ from other light sources in that they emit coherently (typically com-
bining spatial and temporal coherence). Spatial coherence enables directionality,
allowing laser light to be focused to very small spots or be collimated for prop-
agation over long distances with little divergence. Temporal coherence is what
gives the laser light a narrow optical bandwidth, i.e. its pure colour/emission
wavelength. Lasers can operate in continuous wave (CW), where they emit con-
stantly, or can be pulsed with common pulse duration from microseconds down to
a few attoseconds, although even shorter pulses have now been demonstrated. The
properties of lasers have opened a wide range of applications. Everyday examples
include disk drive, laser printers and barcode readers. They are also utilised in
optical communications, medical tools for surgery, sensing, dermatology, heavy

manufacturing, defence, and even in law enforcement apparatus.

While the basic physics principle stays the same, there are many types of lasers
that differ in their mode of operation, implementation, emission wavelengths, out-
put powers, the materials they are made of, and formats. New laser technolo-
gies are constantly emerging and solution-processed light-emitting semiconduc-
tors have recently attracted particular interest partly because of their compat-
ibility with a vast range of materials and with soft material fabrication tech-
niques. This in turn is paving the way to potential low cost fabrication of lasers in
both existing and totally novel formats. For example these materials could enable
mechanically-flexible laser devices, bringing the functionalities of lasers to appli-
cations in wearable technology. We note that photonics on mechanically-flexible
substrates (so called flexible photonics) has already existing applications in bend-
able displays, electronic paper and solar cells. Flexible photonics is a sub-category
of plastic electronics, a field that is predicted to be several billion pound worth
by 2026 (http://www.idtechex.com/research/reports/oled-display-forecasts-2016-
2026-the-rise-of-plastic-and-flexible-displays-000477.asp).

There are two main categories of solution-processed laser materials: (i) inorganic
colloidal nanocrystals (including quantum dots) and (ii) organic semiconductors.
This thesis studies lasers made from these materials with an emphasis on colloidal
quantum dots. These are promising laser materials whose properties can be tai-
lored by design of the shape, size and composition while retaining their solution

processability.
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1.2 Motivation and thesis outline

Colloidal quantum dots (CQDs) are minuscule inorganic crystals typically having
a diameter less than 10 nm (i.e. they are nanocrystals). They have properties of
narrow and tunable (size, shape and composition dependent) emission with the
added benefit of being solution processable. This allows them to be compatible
with a wide range of materials (to be deposited upon or even blended with) such
as polymers while they can provide emission across the entire visible spectrum
and up to the infrared by variation of their composition and size. CQDs also
offer an improvement in luminescent operational lifetimes, retaining customisable
designs and solution processability. Because of attractive properties, CQDs are
utilised in a multitude of areas including in fluorescence (in-vivo and in-vitro)
imaging techniques [3-9], photovoltaic cells [10, 11], photodetectors [12], in nuclear
magnetic resonance spectroscopy [13, 14]. They have even seen commercial success
as colour enhancers in LED-based LCD screens (for example quantum dot LEDs
in the Samsung 4K TV) [15].

CQDs, because of the quantum confinement effect, have an energy spectrum ap-
proaching that of an atom. The electronic density of states of charge carriers is
therefore increased compared to a bulk semiconductor, meaning that carriers are
concentrated in a narrow energy range. In turn, optical gain in principle increases
(less carriers are wasted to photons at other energies) and its temperature de-
pendence diminishes, both important characteristics for laser performance. The
most mature material technology for visible lasers is based on chalcogenide CQDs
(composition using Cd, Se, S, Zn, S and Te). InP has also been investigated for

lasers but performance is not yet as advanced.

Despite undeniable progress, CQD lasers are not yet a mature technology and per-
formance is still limited. The purpose of this Ph. D. was to contribute to pushing
their development and performance in different formats, including VCSELs. In
particular, at the start of this work most of the report of CQD lasers made use of
ultrafast optical pumping (pump pulses in the fs regime) meaning that the devices
were far from being practical because they required bulky, expensive pump lasers.
Our motivations were to demonstrate low threshold laser operation for longer pulse
duration (nanosecond and above) so that pumping with more compact pump lasers

can be considered.
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The thesis comprises a total of six chapters separated into three main parts. Part
I is an introductory section containing chapters 1 and 2. Part II is the results
section containing chapters 3, 4 and 5. Finally part III contains chapter 6, which
concludes this thesis and discusses outlooks. Chapter 1, in addition to this section,
gives an introduction to lasers and their fundamentals. It also gives a description
of the different materials utilised for lasers in this work and details the state of
the art.

Chapter 2 discusses the principles of distributed feedback (DFB) lasers, of vertical-
cavity surface-emitting lasers (VCSELs) and of so-called random lasers covering
their fabrication and implementation. It also goes in depth about optical excita-
tion and the characterisation methods used throughout the work in addition to

illustrating the analytical models used in later chapters.

Chapter 3 is the first results chapter where CQD DFB lasers are reported on. The
chapter gives a full description of the investigation into CQDs as a potential visible
gain material, implementing them into an operational laser cavity and developing
said cavity into an encapsulated device. Chapter 4 presents the experimental
findings using the CQDs in an orange VCSEL. From the operation of this device a
study on both the output polarisation, calculating the Stokes vectors, and pump

dependencies is reported.

Chapter 5 expands on the scope of the materials introducing organic semicon-
ductors with the primary aim to assess these gain materials for DFB laser-based
refractive index sensing, which has potential applications for biosensing. Super
Yellow, Blue 4 and Blue 6 are the materials employed in DFB format where the

two latter materials demonstrate random lasing effects.

Chapter 6 concludes this thesis by giving a summary of the chapters of part two.
It also conveys future work that will expand the application of these laser tech-

nologies.

1.3 How lasers work

Laser action is produced via the oscillation of light in a laser cavity that acts as
an optical resonator. This consists in its most basic implementation of a pair of

mirrors with the light circulating between them. Crucially the structure possesses
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FI1GURE 1.1: Schematic of basic Fabry-Pérot laser oscillator.

a gain material placed within the cavity, giving rise to the amplification of light
through stimulated emission, figure 1.1. Omission of this material would result in
the oscillating light becoming gradually weaker over each round trip (the distance
travelled by a photon to return to its initial location, twice the cavity length) as it
experiences losses at the mirrors upon reflection; and there would initially be no
photons. When the gain material produces high enough gain, it compensates the
overall cavity losses resulting in the amplification of the oscillating light. In order
to achieve this an external excitation source must be applied. This is referred to
as the pump source and often the laser is referred to as being pumped. Lasers are
typically excited under optical or electrical pumping although other methods such
as chemical pumping have been demonstrated. This is done either by the injection

of light, from another laser, or through an applied electric current.

The pump energy needed to compensate the overall loss of the laser cavity is re-
ferred to as the laser threshold. Below this value non-coherent luminescence is
emitted. When approaching threshold the power of the light within the cavity
rapidly increases. The laser output versus the pump energy or power has a char-
acteristic, dramatic increase in the slope when crossing threshold. Such transfer
function of a laser is shown throughout this thesis to characterise devices. Due to

this oscillation, the spectrum also narrows compared to the luminescence below

threshold.

The laser emission itself escapes the cavity due to a partially transparent mirror
(output coupler). In other resonators, there can be several output couplers or it
can take another form than a mirror. This coupler can be optimised for optimum
output power and slope efficiency of the laser, which is expanded upon in section
1.3.6.
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FIGURE 1.2: Energy level schematics of a) absorption on a photon exciting an

electron to the higher energy level and creation of a hole b) spontaneous emission

of a photon as electron recombines with hole and c) stimulated emission due to
incident photon forcing recombination, duplicating the incident photon.

1.3.1 Absorption, spontaneous and stimulated emission.

In order to achieve laser operation, three fundamental light-matter processes must
occur. These are absorption, stimulated emission and spontaneous emission, and
are illustrated in figure 1.2 [16, 17]. To explain these a system composed of atoms
or molecules is considered. The system has two possible energy levels, 1 and 2,
each with their own energies, £ and FE, respectively - for example these can be
the energy levels occupied by the outermost electrons of the atoms constituting
the system. Fj is taken to be the ground energy level and F5 as the excited energy

level with their difference being,
hv = (E2 — El) (11)

In equation 1.1 h is the Planck’s constant and v the frequency corresponding to

the transition between the energy levels.

At thermodynamic equilibrium when FE)-F; is greater than the thermal energy,
the electrons are located in the ground state. If a photon, with an energy equal
to that of hv, interacts with the system there is a probability that the photon will
be absorbed. This results in the excitation of an electron into the Es energy level

and the creation of a hole in the E} level - this is known as the absorption process.

With the electron having been excited into the Fs state it will decay back down
into the ground state. This is due to Es being unstable. The timescale of this

phenomenon is known as the decay lifetime or the excited state. When the electron
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relaxes back down to the ground state the recombination of electron and hole
creates a photon of energy equal to hr. This process is called spontaneous emission

where it can be described by applying the Einstein coefficient, As;:

dN,
T2~ Ay 1.2
( dt )21 e ( )

Ay = - (1.3)
Top

Equation 1.2 describes the radiative transition between the upper, N,, and lower
level population, Ny, showing that the number of emitted photons at a given time
is proportional to the population of the upper level and the Einstein coefficient.
A is related to the radiative lifetime of the transition as expressed in equation 1.3.
If spontaneous emission is the only occurring phenomena then the decay lifetime
is equal to 75,. Unfortunately, the recombination process does not always result
in the production of light. There can be non-radiative recombination processes

taking place that contribute to the decay lifetime.

The third type of transition in this system is stimulated emission. Considering,
again, an electron in the energy level Es, an incoming photon of energy hv can
stimulate a downward emission transition (just as it does for the upward absorption
transition), causing the electron and hole to recombine. The result is a coherent
(stimulated) photon meaning that it has the same energy, phase and direction as
the incident photon [16, 18-20]. This differs from spontaneous emission that has
no definite phase nor direction. This is discussed further in section 1.3.3 when
describing the absorption and emission cross sections. Stimulated emission is at

the origin of optical gain, hence of laser oscillation.

1.3.2 Population inversion

In order to produce optical gain (the amplification of light), population inversion
is required so that stimulated emission dominates over absorption. Consider the
simplest case for laser transition of a two level non-degenerate system of energy
levels E; and F, with the electrons populating the lowest available energy state,
F, at thermal equilibrium. The electrons can be elevated into the higher energy
level Ey through absorption of a photon. At this point the populations of the two

levels are equal (N7 = Ny) and an incident photon has an equal probability to be
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FIGURE 1.3: Schematic of population inversion in a a) three level energy system
and b) four level energy system.

absorbed or to stimulate emission, which on average cancels out the contribution
of both processes. Therefore, in a two level system, no significant quantity of
electrons will further accumulate within the higher state and at best Ny = Ny

otherwise N7 > N,. This means population inversion cannot be achieved.

In order to achieve population inversion, excitation to higher energy levels, through
non-resonant pumping, is necessary to create the non-equilibrium conditions. More
realistic models to understand this process are the three- and four-level systems,

illustrated in figures 1.3a and 1.3b, and explained next.

Taking the three level system to start, when external excitation is applied to a gain
material an electron is excited from the ground level, F;, into the third energy
level, F3. In an effective gain material, the electron will immediately relax (de-
excite/radiationless transition) from the Ej level into the lower energy Es level.

This allows population inversion to be acquired between Fy and Fj.

For a four level energy system the electrons are directly excited from the ground
level to the fourth energy level, F,. Once this level is reached, the electrons relax
down to the E3 level. Here the population inversion is created between the Fj
and Fs levels. The four-level system has the benefit that the population inversion
is reached faster. It can be obtained at very low pump power/energy if the decay
from level 2 to level 1 is really rapid. In principle, the four-level system yields a
lower laser threshold when compared to the three level system because there is no
absorption at the laser transition because of the fast de-excitation from Ej to E
[16, 18-20]. The CQDs and organic semiconductors studied here can to a certain
extent be considered as quasi-three level systems because there is some level of
absorption (which depending on the Stokes shift of the materials can be relatively

small thereby akin to a 4-level system) at the laser transition wavelength.
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1.3.3 Absorption and emission cross section

In physics the term transitional cross section is used to describe the probability
of particle-particle interactions. When discussing lasers this primarily refers to
optically induced interactions such as the absorption and emission cross section.
The values of the absorption and emission cross sections of the laser transition
can be expressed as a function of the rate of absorption and stimulated emission.
This behaviour dictates whether absorption or stimulated emission is activated for
a population of the upper energy state and a particular photon flux. These cross
sections are dependent on the specific transition experienced by the excited states,

the photon wavelength and, material dependent, the photon polarisation.

Ref [18] describes the rate of absorption, Rps, as

dN,
CYNY RN, 1.4
( dt )abs e ( )
Rabs = UpOabs- (15)

Here (%) is the transition rate due to absorption, o4, is the absorption cross

abs
section, w, the photon flux and V; the lower level population density. wu, is the

number of photons per second per unit area and N, refers to the number of states

occupying the lower energy state per unit volume.

u, can be expressed in terms of intensity (power per unit area), I, of the electro-

magnetic wave,

I
= 1.6
up hy? ( )
and the absorption cross section is described by [18],
272
| 1 ? vg(v), (1.7)

where n is the gain material refractive index, g is the permittivity in free space,
¢ the speed of light in a vacuum and g(v) is a frequency dependent function

describing the line profile of the transition.

The rate of stimulated emission, R.,,, can be expressed in a similar manner to

dN,
= _RemNu> 1.8
()., 1)

equation 1.4,
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Rer = UpOem. (1.9)

dNy

Here T

) is the transition rate due to stimulated emission, o, is the stimu-
em

lated emission cross section and N, is the population density in the upper energy
level (i.e. the excited state per unit volume). When in two non-degenerate energy
levels, the rates of absorption and stimulated emission are equal for the transitions
meaning that the absorption and emission cross sections are also equal. This is
not the case for organic semiconductors (OS) nor CQDs as the absorption and
emission peaks occur at different wavelengths. This translates to the absorption

and emission cross sections as they are dependent on the wavelength [16, 18-20].

1.3.4 Rate equations

The dynamics of inter state light interaction within a gain material are modelled
using rate equations. These are a series of differential equations that describe
the evolution of the populations of electronic levels when optical excitation is
applied. These equations are built from terms such as the absorption process,
spontaneous/stimulated emission and energy transfers allowing for a numerical

method to calculate the temporal evolution as well as approximating populations.

In order to explain this concept in more detail, a four level energy system will be
considered, as in figure 1.3b. As seen in section 1.3.2, the population density, N;
of the ground state, F; decreases as electrons are excited into the fourth energy
level, E,. This process is aided when the relaxation time from FE, to F; is fast
giving a larger N;. Hence, the population density, Vs is reduced by the relaxation
process but is increased by either spontaneous or stimulated emission from the
third energy level, F5. The population density, N3, in the E3 level is reduced by
spontaneous and stimulated emission where it is increased, similarly as Fy, by a
fast relaxation process from FE,. The corresponding rated equations for the four

level energy system are:

dN
_dtl = —upo1aN1 + Ro1 Na, (1.10)
dN- N.
d—2 — _3+B32S(N3_N2) —RglNg, (]_].1)
t Tsp
dN. N.
—3 == R43N4 - —3 - BgQS(Ng - Ng), (112)

dt Top
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v,
dt

Here the subscripts correspond to the relative energy level, w, is the photon energy

= Up0'14N1 — R43N4. (113)

density at the excitation wavelength, o;; correspond to the absorption cross section
for the ;" transition, R;; is the rate of relaxation between the energy levels,
Tsp 1s the lifetime of the spontaneous emission in Ej, S is the photon density
at the emission wavelength and Bss is the second Einstein coefficient for photon
absorption and stimulated emission. This is equal to the absorption and emission
cross sections at the emission wavelength of the laser transition. Note that the

non-radiative relaxation processes have been ignored for the F5 to Es transition.

S can also be related to the intensity as,

% — By(S+ 1)(Ny — No) — % (1.14)
Here, 7, is the rate of photon loss and is dependent on the considered system
(for example in the material of the cavity), and the “41” takes into account
spontaneous emission. In the next section, the case of a single optical wave or
mode propagating in the gain material, in a single direction (1D problem), is
considered. In this case, one can obtain an expression for the growth of the mode

intensity as it propagates. Note that S is linked to the photon flux as,

S
Up = Vg7, (1.15)
where v, is the group velocity and,
I = hvu,. (1.16)

1.3.5 Amplified spontaneous emission

In a laser material that produces large gain the emission from the spontaneous
emission can be amplified to higher power levels. Amplified spontaneous emission
(ASE) was first observed in organic semiconductors by Hide et al. in MEH-PPV
films comprising of 77Oy nanoparticles [21]. ASE describes the phenomenon of the
amplification of spontaneously emitted light by stimulated emission as it propa-
gates through the gain material. This leads to spectral distortion and narrowing of

the emission profile in comparison to the intrinsic photoluminescence (PL). This
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is a consequence of the photons with energies close to the gain maximum that are

favourably amplified resulting in them dominating the emission.

When determining ASE two equations have to be regarded [22, 23]. For ease of ex-
planation a two level system will be considered, i.e. the transition between upper
and lower levels (referred to as the transition between level 2 to 1). The probability
of transition, Wy, between these levels, during a period dt, is the sum of the con-
tributions of spontaneous and stimulated emission. The Einstein coefficient, Ay,
is introduced when considering the transition probability of spontaneous emission
[18],

dWo, = Agydt. (1.17)

When stimulated emission is considered the transition probability of the electron,
from Fs to E, is,
dW21 = U,‘Bgldt, (118)

where Bs; is the Einstein coefficient of stimulated emission and wu; is the photon

energy density of the pump.

Equation 1.18 shows that stimulated emission is related to the photon energy den-
sity. Note this is not the case for spontaneous emission. When photon density is
large enough, stimulated emission dominates spontaneous emission. As the spon-
taneously emitted photons travel through a medium where population inversion
is present within the transition, section 1.3.2, they are amplified by the stimu-
lated emission. This increases the photon density increasing the probability of
stimulated emission. However, optical gain is a function of photon wavelength
meaning that amplification will vary with different energies resulting in the spec-
trum around the gain peak undergoing the highest amount of amplification. This

can lead to the spectral narrowing of the emission.

The narrowing phenomenon can be understood more broadly by considering the
photon flux, w,, propagating the gain material in the z-direction. As light prop-
agates through the length of the material, dz, the change of flux, du,, is the sum
of the amplified component and the spontaneous emission in that direction. du,
indicates the difference between absorption and stimulated emission where it can

be seen as,
duy = Oemty(Na — Ny)dz, (1.19)
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where w, is the number of photons per unit area per unit time (photon flux).

Equation 1.19 can then be expressed as a function of intensity, I, as,
dl = Jem[(NQ - Nl)dZ, (120)

or

dI(\)
Tdz

Here g is the material gain per unit length where equation 1.21 takes into

= Jmat(AN)I(N). (1.21)

account the transitions dependence to the wavelength.

The increase in light intensity due to spontaneous emission, coupled in the z-

direction [18], can be expressed as,

d[()\) . AglNQhC A
dz A AwL?

(1.22)

L is the length of the gain material, A is the cross sectional area, and Nj is the

population density in the excited state.

When considering both the spontaneous and stimulated emission components,

equations 1.21 and 1.22 are combined to give,

d[()\) A21N2hc A

= Yma AMI(A , 1.23
T = VIO + 2 (1.23)
where the solution, to equation 1.23, is
AleghC A
I\ 2) = gmar(Nz 1), 1.24

Equation 1.24 displays the intensity dependence of population inversion and the
length z of the gain material. This results in more significant spectral narrowing

occurring with longer lengths.

Chapter 2 will detail the experimental procedure to determine ASE (spectral nar-
rowing of the emission spectra) in solution processed semiconductor films as it is
a tell-tale sign of optical gain and a way to validate the use of a material as a
laser material. These films are excited under optical pump where the observable

intensity can be expressed by equation 1.24.
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1.3.6 Gain and threshold

As mentioned previously, optical gain requires population inversion where laser
operation can only be obtained using a laser oscillator, wherein the gain medium
is enclosed within an optical cavity. At the operational threshold of the laser,
the beam intensity is balanced precisely by the systems losses. For example,
in a Fabry-Pérot cavity (section 2.6.1) these losses are due to the cavity mirrors,
diffraction losses, as well as losses due to the active medium such as self-absorption
and scattering. From this a minimum population inversion density is necessary
to compensate for these systematic losses and from here on will be referred to
as the threshold. Continuing the example of a Fabry-Pérot cavity the threshold
condition can be modelled. The cavity has two mirrors with reflectivity R; and
R, sandwiching the gain material. Radiation is amplified by oscillating back and
forth between the mirrors dissecting the gain medium of length L. The cavity
losses are symbolised as o and is the average loss per unit length where the optical
gain coefficient, g (per unit length), is necessary to compensate for these losses
[16, 18-20].

Initially, ignoring the losses, after a single pass of the gain material the intensity

of the light is amplified by the factor G,

[OU
G =2 — 9t (1.25)
[in
where
g = Oem(Ny, — Np). (1.26)

I, and I;, are respectively the intensity at the start and end of a single pass.

As mentioned before, the radiation also experiences losses per round trip as it
propagates through the gain material. Taking the initial intensity of the radi-
ation, [y, from the beginning of the cycle, starting at the first mirror, R;, the
losses of the intensity of the radiation arriving at the second mirror is taken into
account, JyR.e9~L  After a complete round trip of the cavity the radiation is
IoR1 Rye*9=%L When there is an amplifying medium in the form of a waveguide
present (i.e. a CQD thin film) the factor I' is introduced. This describes the over-
lap of the laser mode with the gain region and is expressed as IyR;Rye? (9=®)L,
For the time being, I' will be ignored but this overlap will be discussed further in

section 2.5.1.
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After the round trip the threshold is obtained when the amplification surpasses

the cavity losses and can be expressed as,
Ry Rye?9= > 1, (1.27)

where the factor of two in the exponential is because the light passes the length

of the cavity twice per round trip.

From equation 1.27 the material gain coefficient can be found as,

g>a— @7 (1.28)

where the density of population inversion necessary to achieve threshold is ex-

N, — N, = l[a— @1. (1.29)

pressed as,

Equations 1.28 and 1.29 display that when both the gain of the laser material and
the sum of the cavity losses, for a round trip of light, is equal, threshold is achieved.
It can also be noted that population inversion is related to the absorption of the

pump power via the rate equations.

However, at high intensity, stimulated emission reduces the amount of gain by
depleting the population. This is known as gain saturation and g in equation 1.27
can be substituted by the saturated gain (gs.). Figure 1.4a shows the evolution
of the gain as a function of the pump below and above threshold, P,,. Below
threshold, the evolution is linear (it is considered that the pump is not high enough
to start saturating the gain yet). At threshold the gain is clamped. In fact one
can think about the system with gain momentarily exceeding the loss as the pump
reaches threshold. In turn the intensity within the cavity increases exponentially
to a point where it is strong enough to deplete the population inversion, reducing
the effective gain to the saturated value g,,. At the steady-state gy, equals the
loss of the cavity and is hence clamped. It is a self-limiting effect. Above threshold
the additional pump power is transferred to the laser emission. Again the gain
cannot increase as it would lead to exponentially growing intensity in the resonator.
This locks the value of gain, for all pumping powers, at or above threshold, and
equation 1.27 is fulfilled.
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FIGURE 1.4: Plots of the emission intensity above and below threshold. a)
Relation to gain with increasing pump power and b) output versus the input
power, the slope efficiency.

The efficiency of the cavity can then be expressed as,

dl

- = (1.30)

Ul

This is known as the slope efficiency, or the differential efficiency, where the slope
of the curve is defined by the laser output versus the pump power, figure 1.4b.
Note that this curve is more or less linear allowing specification as a single value.
However, in some cases, a non-linear slope can occur and are likely attributed to
a quasi-three level system (requiring higher excitation densities introducing loss
through fluorescence) or thermal effects (thermal roll-over as the gain materials

temperature increases).

As mentioned previously, section 1.3.5, a significant factor of a laser is spectral
narrowing (Aw) of the laser mode with pump power. Assuming that the optical
mode is Lorentzian, section 2.6.3, the spectral intensity of the emission will grow
due to the stimulated emission where the emission near the peak will grow faster

than the wings of the function. This can be related to the average number of
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photons, ¢, as,
R,

2

with Ry, being the rate of spontaneous emission [16, 18].

Aw =

(1.31)

1.3.7 Optical resonators

This section introduces various types of laser format. In particularly, the dis-
tributed feedback laser (DFB) and vertical-cavity surface-emitting laser (VCSEL)
will be utilised in this thesis. These will be discussed in further detail in Chapter
2.

As mentioned previously, for laser operation an optical cavity, a gain material
and a pump source are required. The cavity creates the amplification of light by
generating optical feedback as it passes through the gain medium. There have been
a number of different types of both CQD and OS laser resonators demonstrated
[24, 25]. The simplest format consists of two parallel mirrors surrounding a gain
material, figure 1.5a (and seen in figure 1.1). This configuration is known as a
Fabry-Pérot cavity and is the stereotypical format that has been exploited in many
laser systems [26-28]. Researchers have adapted the geometry of the Fabry-Pérot
cavity where such an example is removing one mirror and polishing the opposite
facet of the gain material as the output coupler to obtain Fresnel reflection [29-
33|, figure 1.5b. Figure 1.5 also displays other types of optical resonators used
in CQD and OS lasers. Other such formats are vertical-cavity surface emitting
lasers (VCSELs), vertical external cavity surface emitting organic laser (VECSOL)
[34], distributed Bragg reflectors (DBR)[35-40], slab waveguides where feedback
is produced by reflection from facet ends [41-51], doped optical fibres [52-54],
Littman cavities (this uses a grating for colour-tuning and out-coupling) [44, 55—
57], whispering gallery mode (WGM) lasers [50, 58-63] and random lasers [64-69]
all depicted in figure 1.5.

Six years after the first demonstration of laser operation [1], lasing from organic
molecules was reported [71]. These devices were based on fluorescent dye molecules
in liquid solvents (see section 1.5.1.1). Dyes are now widely used in solid-state or-
ganic lasers where they have to be dispersed in a polymer matrix as otherwise the
luminescence would quench when the individual molecules come close to one an-

other. Over the years a number of solution based materials have emerged including
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FIGURE 1.5: Laser cavity formats: a) classic Fabry-Pérot cavity, b) polished

end facet of the rod as out-coupler, ¢c) VECSOL, d) Littman cavity, e) VCSEL,

f ) DBR laser, g) slab waveguide with high-quality end-facets, h) doped fibre,
i) WGM laser, j) random laser [70].
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FI1GURE 1.6: CQDs in solution with increasing diameter from left to right from
Cytodiagnostics http://www.cytodiagnostics.com.

CQDs. Solution processed materials open new capabilities of fabrication including
spin-coating, ink-jet printing, dip-pen nano-lithography and nano-imprint lithog-
raphy. With these techniques, laser structures such as shown in figure 1.5 can be
created with ease without the need for high-level clean room facilities or ultra-high
vacuum systems. The next sections of this chapter describe the two families of

such solution processed laser materials we are interested in.

1.4 Colloidal quantum dots

Semiconductor nanocrystals are an interesting type of inorganic chromophore.
When metal-organic precursors of group II-VI or I1I-V semiconductors are heated
and brought to a chemical reaction in coordinating solvent, the result is semi-
conductor crystals with dimensions of a few nanometres. These are known as
colloidal quantum dots (CQDs) and their mean size, as well as their size distri-
bution, can be dictated under the synthesis parameters such as temperature and
reaction time [72] (synthesis techniques are discussed further in section 1.4.5). It
is possible to overcoat them with another semiconductor material leading to a
core/shell structure, figure 1.12a. CQDs have organic ligands attached to their
surface (figure 1.6), which confers them their solubility in particular solvents and
therefore their solution processability. They also determine the inter-particle sep-

aration in closely packed thin films, e.g. avoiding aggregation [72].
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FIGURE 1.7: Schematic representation of semiconductors in bulk, quantum well,
wire and dot format. Density of states functions for electrons in the conduction
band of the semiconductor with band gap Eg for each corresponding structure.

1.4.1 Quantum confinement

Characteristics of a CQDs absorption and emission can be understood in terms of
quantum confinement. Quantum confinement transpires when the physical struc-
ture of the nanocrystal is small enough to result in the potential confining energy
being greater than the thermal energy. This affects the electronic structure of the
CQDs in a manner that is proportional to the crystal size. Quantum confinement
is observed when the size is equivalent to the de Broglie wavelength of the electrons
and holes wave functions. Or if considering electron-hole pairs (excitons) when it is
comparable to the Bohr exciton radius, ag; the electron-hole Coulomb interaction
establishes ay. Confinement along one spatial direction refers to a quantum well,
two dimensions to a quantum wire and three to a quantum dot. Shape dependency
modifies the electrons wave function as well as the density of states, figure 1.7.
CQDs impose the confinement potential on electron and holes (excitons) in three
dimensions and is often referred to as a zero dimensional structure. Typically,
chalcogenide CQDs as used in this work have diameter between 2 nm and 10 nm.
Through the particle in a box example the relationship between the energy levels

and their spacing can be approximated,

h (n2 n2 n?
Blnamyn.) = 5o (52 + 5+ 5, (132
€ x Yy z
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FIGURE 1.8: Band gap of CQDs is determined by their radial dimensions. a)
Displays how the band structure alters and b) shows CQDs dispersed in solution
with different diameters and spectra [13].

where n,, n,, and n, are integer quantum numbers indicating the quantised levels,
me is the mass of an electron, and d is the diameter of the CQD. A similar
expression can be obtained for the quantization of the hole energy levels. The
band edge transition energy between the lowest energy levels of holes and electrons

is given by:
w2h?

ho(CQD)~ E, + ———
( ) I QMR%)QD

(1.33)

where p is the electron-hole reduced mass, F, is the bandgap of the bulk material,
Regp is the radius of the CQD [73].

This demonstrates that the size of the CQD controls the resulting band gap thus
allowing tailoring of the emission wavelength by altering the CQD dimensions,
figure 1.8a. This can also be seen in figure 1.8b where reducing the CQD size
results in the blue shifting of the emission wavelength (increase energy). The
transition energy is with this simple model inversely proportional to the square of
the CQD diameter. The shift in wavelength can also be achieved by altering the

material composition, hence £,.

1.4.2 Energy levels and transitions

For a spherical confinement potential a series of states that can be classified by two
quantum numbers n and L arises. This can be understood by looking at equation
1.32 and for dx=dy=dz. n is the number of the energy level and L corresponds to

the angular momentum. L=0,1,2,3... is often labelled with the letters s, p, d...
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FIGURE 1.9: a) Depicts allowed transitions when creating an exciton pair and
b) displays four energy bands corresponding to the conduction band, the heavy-
hole (hh) band, the light-hole (lh) band and the spin orbit split off (so).

(or S, P, D...) in analogy with atomic spectroscopy notations. The energy levels
for the holes and electrons are represented in figure 1.9a along with the allowed
transitions, which are the ones that conserve n and L between the electron and

hole states.

Trends in absorption and emission spectra can be broadly explained with such
a simple picture. However, it does not accurately describe the spectra seen in
experiments. For this more details on the valence band need to be considered.
Most III-V and II-VI CQDs (such as those studied in this work) are of zinc blende
or wurtzite crystal structure and therefore the valence band is made up of 3 sub-
bands. In ideal zinc blende the top of the valence band is 6-fold degenerate at
k=0 (with the 3 bands each having a 2-spin degeneracy) as depicted in figure
1.9b. Spin-orbit interaction, and crystal field splitting in wurtzite crystals, lift
this degeneracy leading to three valence sub-bands called heavy-hole (hh), light-
hole (1h) and spin orbit split-off (so) bands. The total angular momentum of these
bands is given by J, a combination of the orbital momentum of the Bloch function
and the angular momentum of the spin. J=3/2 for the hh and the lh bands and
J=1/2 for so band [74].

Confinement in CQDs leads to a mixing of these hole sub-bands, meaning that J
and L are inadequate independent quantum numbers to describe the hole energy

levels. Instead one uses the total angular momentum F=J+L where the hole wave



Chapter 1. Introduction 24

functions are linear combinations of the different sub-bands [74]. J is the angular
momentum from the Bloch function given the crystal lattice (i.e. related to the
valence bands) and L is the orbital angular momentum of the envelope function
obtained from the confinement problem. The hole energy states are then labelled
as nLp as shown in figure 1.10. Again the letter S is used for L=0, P for L=1 etc.
The lowest energy state is then written as 1.55/5(h), h to indicate hole. The electron
states can be described as before because of the unique (2-fold spin degenerate)
conduction band. For example, the lowest energy state is written 1S(e). Figure
1.10a shows these electron and hole states, with the arrows indicating the allowed
transitions that conserves n and F. Figure 1.10b displays the absorbance spectra
of CdSe CQDs where four transitions corresponding to 1S and 1P electron states

are resolved [75].

1.4.3 Emission - band-edge state fine structure

The confinement induced mixing of hole states accurately describes the absorption
spectra of CQDs but does not totally explain the emission. For the latter, the fine
structure of the band-edge state (i.e. the transition 1S(e) - 1S3/2(h)) needs to be
considered. The origin of the fine structure is the electron-hole interaction, i.e.
when considering the exciton involved in the transition. This excitonic interaction
is strong in CQDs because of the confinement (strong electron-hole wavefunctions
overlap). The band edge electron and hole state in such a case cannot be truly
treated independently. Instead one considers the 1S(e) - 1S3/2(h) exciton with a
total angular momentum N = F, + F), with F.=1/2 (projection +1/2 and -1/2)
and Fp=3/2 (projections +3/2, 1/2, -1/2 and -3/2).

The exchange interaction lifts the degeneracy of the two resulting states N=1 and
N=2. These two sub-states further split into five sub-levels due to crystal field and
shape asymmetry (see figure 1.11). The projection of N, INV,,, is used to label these
states with a superscript indicating if it corresponds to the upper (U for N=1)
or lower (L for N=2) levels. These are shown in figure 1.11. The lowest state is
“dark” as N,,=2 does not couple, in the dipole model, with a photon that carries
an angular momentum of 1. The second lowest sub-levels, is characterised by N,
=1 and is therefore “bright” (dipole allowed transition to the ground state). Bright
states can absorb and emit photons and dark states cannot (although can still emit

but over a much longer timescale). At low temperature, the luminescence of CQDs
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is slow (microseconds) because it comes from the lowest dark state transition. At
room temperature the exciton population is distributed over the lowest dark and
bright states and the luminescence lifetime is on the order of a few nanoseconds

to a few tens of nanoseconds.

This fine structure of the band-edge exciton also contributes to the Stokes shift
between the photoluminescence peak and the absorption maximum of this first
transition. A high Stokes shift is desirable to limit the effect of self absorption,

which can increase laser threshold.

1.4.4 CQD structure classification

The majority of CQDs utilised today are typically of a core/shell or multishell
structure. These structures consist of the CQD core overcoated with a shell made
of another inorganic material. The latter encapsulates the core. In turn it pas-
sivates the trap sites on the cores surface that would otherwise promote the re-
combination of electrons and hole non-radiatively. Core/shell structure therefore
enables higher photoluminescence quantum efficiency. Furthermore, the addition
of the shell layer gives some protection from environmental degradation such as
photo-oxidation. Organic ligands are still there, onto the surface of the shells,
adding an additional passivation layer and preventing aggregation when in thin

film format.
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FIGURE 1.12: a) Schematic of spherical core/shell CQD b) electronic band
structure representation of different types of CQD.

The respective band alignment of the core and shell material, along with the lat-
tice parameters, allow engineering of so-called excitonics by controlling the overlap,
and hence interactions, of electrons and holes. The relative position of the elec-
tronic bands leads to the classification of CQD as type I, type II or reverse type |

heterostructures, see figure 1.12b.

A schematic of a typical spherical binary core/shell CQD can be seen in figure
1.12a where the spacing of the electronic bands is controlled by the semiconductor
material chosen as well as the size (the confinement energy), in addition to the

carriers effective mass and lattice strain [77].

Type I CQDs have been broadly investigated, and reported in this thesis, with
typical formats resulting in the shell having larger band gap than the core [78-86].
Both absorption and emission are observed to red shift when adding shell material.
This is due to the excitonic wave function being pulled into the shell lowering
quantum confinement and the effective band gap energy [87]. This restricts the
exciton pair to the core creating an overlap with the corresponding wave functions.
In reverse type I the opposite is true as the shell is of lower band gap energy than
the core resulting in the exciton pair wave function being localised within the shell

88-91].

On the contrary, type II CQDs core and shell bandgaps are designed to overlap one
another, figure 1.12b. This alignment allows one charge carrier to be localised in
the core and the other localised in the shell [92, 93]. The band gap energy of type
IT system can be smaller than that of the individual semiconducting materials.
The Stark effect caused by the separation of holes and produces a redshift in the
emission. A large Stokes shift can be obtained in such a way. However, type II

CQDs usually have a lower emission efficiency.
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Quasi-type II are structures in between type I and type II, i.e. one type of carrier
is localised in either the core or shell while the other type of carrier is delocalised
over the whole CQD. At lower wavelength, the alloyed core chalcogenide CQDs

utilised in this work approaches the quasi-type II classification.

1.4.5 CQD synthesis

CQDs can be fabricated in a number of ways in a variety of material alloys (I1I-V,
II-VI), and tailored to produce different shapes and compositions. The synthe-
sis process involves wet chemistry fabrication and can be done with a number of
methods such as hot-injection [94] and heat-up techniques [95]. The concept of
the wet chemical fabrication process is demonstrated in figure 1.13. This displays
a typical procedure that results in the decomposition of chalcogenides and metal-
organics in a solvent at high temperature [73, 96]. The approach requires 3 main
ingredients: (i) the desired seed materials for the CQDs, known as the precursors;
(ii) a systematising organic solvent; and (iii) the ligands, which contributes to the
controlled growth and stabilizes the CQDs. There are three stages to the proce-
dure [97-99] and has been described as burst nucleation. Initially there is pyrolysis
of the precursors of the chosen material. This is the breakdown of the precursors
(stage 1) giving ions of the CQD constituting material. As this pyrolysis happens
after injection, the ion concentrations increase to supersaturation. Once this is
reached, nucleation begins with the formation of stable nuclei depleting ion con-
centration (stage two). When the ion concentration is low enough the formation
of nuclei halts. After this the existing nuclei begin to expand and the CQDs grow
(stage three), where the crystals are removed over time increments. Cadmium Se-
lenide (CdSe) based CQDs have been extensively researched and as a consequence
are the most developed where monodispersed nanocrystals are obtained through

these methods; with other common alloy materials being CdS, ZnS, InP and PbS.

As mentioned before the photoluminescence quantum yield is improved when these
core structures are encapsulated, here with the addition of a Zinc Sulphide (ZnS)
shell, as dangling bonds are passivated; reducing carrier trapping [78, 80], where
the addition of organic ligands allows solution processing like with organic semicon-

ductors [96]. The shell can be applied to the core by either the dropwise addition
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FIGURE 1.13: a) Schematic of the wet chemical reaction used for the synthesis
of CdSe CQDs and b) adding organic ligands with TOPO: trioctylphosphine
oxide and TOP: trioctylphosphine to the CdSe CQD adapted from [73].

[100, 101] or utilising the Successive Ion Layer Adsorption and Reaction (SILAR)
technique [102].

The dropwise addition method requires an ensemble of the anion and cation pre-
cursors to be gradually added into the previously fabricated, core only, CQDs.
Thus creating the core/shell architecture. There are certain drawbacks to this
technique. A consequence of the high temperature fabrication process during the
core nucleation process can cause the nucleation of the shell material as well as

defects reducing the photoluminescence quantum yield.

SILAR is a method that manipulates, a monolayer at a time, shell growth via
alternating injections of the of shell precursors into the core only CQD solution,
at high temperature. The advantage here is the small probability that nucleation
occurs within the shell precursors. After injection, and once the solution has
cooled, the final product is isolated from the solvent. This is done with the addition
of ethanol where the CQDs are separated by precipitation, via centrifuge, and re-
dispersed in the desired solvent. The CQDs reported in this thesis are purchased

dissolved in toluene.

The thickness of the shell is limited by the lattice mismatch between shell and
core materials. For a CdSe/ZnS this thickness is only a couple of atomic layers
because of the large lattice mismatch between CdSe and ZnS. A thicker layer would
introduce defects detrimental to luminescence and laser operation. CdSe/CdS and
CdSSe/ZnS CQDs mitigate this issue of lattice mismatch.
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1.4.6 CQDs as a visible gain material

Since optical gain in a solid film of CQDs was first reported [75] in 2000, the field of
research has significantly expanded. Due to their quantum size effect yielding large
confinements, CQDs have the potential for low lasing threshold lasers coupled with
narrow emission linewidth and improved temperature stability [73]. In addition
to these aspects the solution processing capabilities allow them to be applied to a

vast variety of substrates and the fabrication of complex structures.

To understand the basics of optical gain in CQDs, let’s consider a band edge
transition (1S(e) - 1.55/2(h)) with a single electron and hole state (each double spin
degenerate). There are initially two electrons occupying the ground state, one spin
up and the other spin down due to the Pauli exclusion principle, and an external
excitation is applied. An electron can then be raised to the excited level, producing
an exciton (electron-hole pair). In this condition, a photon incident on the material
with an energy corresponding to the transition has an equal probability of (i) being
absorbed, creating a second exciton, and of (ii) stimulating emission with the
recombination of the electron-hole pair (see section 1.3.1). Therefore when N,,=
1, where N, is the per-dot exciton occupancy, the material is in transparency:
absorption at the transition energy and stimulated emission balance each other.
It ensures that in such a system, biexcitons are needed for optical gain so that
N, is superior to 1. This is the condition for population inversion of the first
transition in CQDs. Of course, it is necessary to pump at higher energy (a 2-level
system cannot produce optical gain as mentioned before). Excited carriers relax
from higher excited states to the band edge state on a sub-ps timescale, faster
than the PL lifetime, ensuring that there is a sufficient accumulation of carriers

for population inversion.

The condition N,, =1 for population inversion is valid for a transition between
single electron and single hole states. However, this is not always the case for
the latter as we have seen. The hole sub-states manifold discussed in section 1.4.2
increase the multiplicity of the excited state (excitonic state), which in turn, unless
the energy separation between the sub-states is bigger than the thermal energy,
increases the value of N,; needed for threshold [103, 104].

There is one effect that can contribute to reducing the value of N., needed for
optical gain. This effect is biexciton binding, which reduces the probability of self
absorption (absorption of a photon at the transition energy) in CQDs by shifting
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the biexcitonic energy state compared to the single exciton state [105, 106]. In
principle, if the band-edge multiplicity can be reduced to its minimum (a single
spin-degenerated for both electrons and holes) and if the biexciton binding energy
is larger than the transition linewidth (for example by using a type IT CQDs where
the electron and hole are spatially separated) then optical gain in the single exciton

regime is possible [107].

1.4.6.1 Non-radiative Auger recombination

As previously mentioned CQDs were first seriously considered as potential materi-
als for visible lasers after optical gain was demonstrated in neat films of core-shell
CdSe/ZnS CQDs [75]. The issue of Auger recombination in such core-shell CQDs
(a non-radiative recombination effect impeding optical gain) was recognised early
and the effect was shown to scale with the number of excitons, N,,, and to decrease
with increasing CQD volume [73]. Auger recombination is a major challenge in
achieving laser operation. If it is significant, it accelerates the carrier recombina-

tion rate reducing the gain lifetime [73].

There has been a number of studies on the dynamics of optical amplification in
CQDs and several device demonstrations followed, including whispering gallery
mode lasers [61, 62, 108, 109], vertical-cavity surface-emitting lasers [110, 111],
random laser [111] and distributed feedback (DFB) lasers [112-114]. Unfortu-
nately, most of these reports utilised ultrafast (ps and fs) pumping as the optical

pump source operates faster than the Auger decay time.

A method to alleviate the non-radiative recombination is through the design ar-
chitecture of the CQD heterostructure. In this thesis, alloyed-core/shell structures
were used as they are known to mitigate Auger in CQDs. Auger recombination is
minimised in alloyed-core/shell CQDs because of the smoother transition between
the core and shells [115]. The CQDs can be made bigger as well while tuning the

wavelength through the composition.

We have seen that in CQDs with a single hole ground state, population inversion
begins when the exciton occupancy N, > 1 [73, 75]. However, when N, > 1

Auger recombination becomes possible.

Auger recombination is an undesirable phenomenon that occurs within CQDs con-

taining multiple excitons and is a Coulomb mediated non-radiative recombination
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FIGURE 1.14: a) Modelling the lowest optical transition can be simply con-
sidered as a two-level system having two electrons in the valence band (the
ground states). When an external excitation is applied an exciton pair is cre-
ated. When another incident photon is applied the electron recombines with
the hole emitting a photon. This process is known as stimulated emission. b)
When the energy from the electron-hole recombination is transferred to either
the electron or hole and it is known as non-radiative Auger recombination.

of the carriers. Here, the electron and hole recombine by transferring their energy
to a third party carrier, figure 1.14. Typically, the energy is released via phonons
rather than a photon and enhances device degradation [116]. The process is more
prominent in CQDs, in comparison to bulk semiconductors, and is a result of their
physical architecture, more precisely their small size and the abrupt interfaces
between the core and shell materials as well as the interfaces between the CQD
and ligands/solvent. It results in the relaxation of the momentum conservation
getting rid of the thermal activation barrier [117]. The consequence is the decay of
multiexcitons can be dominated by Auger recombination [118-120], which in turn
can severely limit the lifetime of optical gain well below the ns, a problem when

operating in the nanosecond regime and above.

The occurrence of optical gain within a medium therefore does not guarantee
stimulated emission and laser operation. To overcome Auger recombination the
accumulation of stimulated emission must occur faster than the Auger lifetime.

This can be seen as the stimulated build-up time given by [75],

ATR? n,
Ty =
3 Eogc

(1.34)

where R is the radius of the CQD, n, is the sample refractive index, £ is the
packing density of the CQD, o, is the gain cross-section and c is the speed of
light.
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The biexciton lifetime, 75, and can be expressed as 7, = SR> [121, 122], where f3 is
a scaling factor giving the condition on the minimum packing density required to
achieve stimulated emission. Thus stimulated emission occurs when 7 > 7, and

occurs when,
4mn,

&> 30,8¢

(1.35)

As this drastically affects CQD laser performance there has been a number of
creative solutions to this ailment via physically and chemically adapting CQD

architectures as briefly mentioned above.

Examples of such processes are the fabrication of giant core-shell CQDs where
increasing their volume has demonstrated a reduction of Auger recombination [123,
124]. Another tactic is to smooth the transition between the core-shell interface
giving a smoother alloyed layer and a graded confinement potential [125]. Finally,
another method is to use alloyed or gradient structures, similar to the alloyed-
core/shell arrangement of the CQDs investigated here [126-128].

1.4.6.2 Colloidal quantum dot lasers: State of the art

CQDs have been utilised in numerous formats as a visible gain medium as a highly
dense film of the material can be easily fabricated. These films are typically placed
within an optical cavity and produce stimulated emission as light is allowed to
propagate through the medium. As more and more reflections of the photons
occur within the cavity, a greater degree of monochromaticity, directionality and
brightness is achieved. As stimulated emission being achieved led to a drive in
producing more compact, efficient and tunable devices resulted in different groups
exploring different formats of CQDs; such as their dimensionality [87, 104, 129—
131] and physical size [125, 127, 132-135]. This section will discuss a selected
overview of some of the accomplishments that have been made with CQD gain
materials in the search for low operational thresholds, tunable laser emission and

compact devices.

Typically, in order to achieve laser operation, the gain medium has to interact with
an optical resonator. However, this is not always the case. A random laser (RL) is
a device that when the gain material is in a thin film, produces scattering effects
within the film resulting in laser-like emission. This format was once seen as both

a promising industrial idea as it negates the need for the resonator fabrication



Chapter 1. Introduction 34

saving costs but is also seen by others as not real laser operation. Chen et al
reported on type I CdSe/ZnS core/shell CQDs spin coated onto a 500 pm planar
glass substrate [111]. The substrate had micron-scale groves etched into it via a
diamond tip where an integrated emission (602-608nm) achieved thresholds of ~25
m.J/cm?. Augustine et al also demonstrated RL in solution by mixing CdSe CQDs
with Rhodamine 6G in solution [136]. Here the dye allowed the CQD emission to
be scattered throughout the material and RL emission ranging from ~558-562 nm

was observed.

DFB lasers have been extensively demonstrated utilising CQDs as a gain material.
Here, a periodic structure is overcoated with the CQDs where they behave like a
slab-waveguiding structure. Resonance is achieved via optical feedback provided
by the periodically varying refractive indices (CQD and grating material) and is
defined by Bragg scattering (section 2.2). This format is advantageous as it al-
lows the tuning of these devices through altering the CQD size, film thickness
and refractive indices, altering the effective refractive index of the device, under a
constant grating period. Where the majority of CQD laser research has been ex-
tensively studied exploiting ultrashort optical excitation and has established many
high quality results, state-of-the-art ns pulsed optical excitation have been demon-
strated within our group. In [137], DFB lasers were fabricated using commercial
type 1 core/shell CdSe/ZnS CQDs diluted with a Poly (methyl methacrylate)
(PMMA) matrix and was the basis for this investigation. This CQD DFB laser
was optically pumped under stripe excitation with 5ns pulses producing a thresh-
old fluence of 0.5 m.J/cm?, where the emission pattern appears fan-shaped and
is attributed to laser emission of a one dimensional DFB cavity at 610 nm. This
device was also tested in a liquid environment where a 4nm redshift was observed

when immersed in water, demonstrating the potential of such lasers for sensing.

Advancement of this work was carried out where the CQD DFB laser was trans-
ferred onto an ultrathin (30um) glass substrate [138]. The mechanical bending of
the glass substrate resulting in a tunable emission over a range of 18nm with an
average threshold fluence of 450 p.J/cm? at 607 nm. Here the emission wavelength
was red-shifted by applying a positive curvature and blue-shifted by a negative

curvature as bending alters the grating period shifting the wavelength.

Eisler et al builds on the tunability of these devices enabling a tunable range of
~ 56 nm (565-621nm) coverage by employing a variation of CdSe/ZnS core/shell
CQD diameters with constant grating periodicity under fs pulsed optical pumping
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[139]. Dang et al also displayed tunable devices by varying film thicknesses [140].
Where, through a 250nm and a 400nm CQD film achieved DFB laser emission
at 608nm and 620nm with thresholds around 250 pJ/cm?. These measurements
were again conducted using ultra fast pumping (ps). In the same year, Dang et al
also reported on red, green and blue optically excited CQD/DFB lasers through
size-dependent tuning [141]. Again this utilised ultra fast pumping producing
thresholds between 250-350 yu.J/cm?.

Both [137, 138] demonstrate that CQD laser emission, even in novel flexible for-
mats, can be obtained with optical pumping with greater than ns-pump pulses
and with thresholds that can be achieved with compact solid-state lasers. Unfor-
tunately, this performance however is still out of the range of blue InGaN laser
diodes. In addition to this, laser oscillation was demonstrated at wavelengths be-
tween 600 nm and 630 nm. Typically, emission at lower wavelengths are more
difficult to achieve due of the reduction of pump absorption and of the increase of

Auger recombination in correspondingly smaller sized CdSe/ZnS CQDs.

Vertical-cavity surface-emitting laser (VCSEL) formats have also been investigated
using CQDs as their gain materials. These are formed by placing the CQDs
between two highly reflective mirrors. These mirrors are typically build up of
varying refractive indices (i.e. DBRs section 2.6.2) [25, 110]. VCSELSs have laser
emission perpendicular to their surface where, due to their small cavity length,
have the ability to be compact with minimal scattering and absorption losses.
This allows for low threshold laser operation to be achieved. Dang et al achieved
multimode laser emission using a gradiented CdSe/ZnCdS CQD film within a
wedged DBR structure made up of SiOy/T70; alternating layers [25]. Prior to
this, Menon et al created a mechanically flexible VCSEL device [110]. Here, InGaP
CQDs were chosen to be the gain material and place within solution processed
DBR mirrors. The mirrors were made up by spin coating alternating poly-N
(vinylcarbazole) (PVK), and cellulose acetate (CA) layers of quarter wavelength
thickness onto glass. The device was then peeled off the substrate and the free-

standing device emitted at 657 nm with a slope efficiency of 12 %.

Whispering gallery mode (WGM) lasers are not reported on in this thesis, but
much work has been concluded on them with CQDs. WGM lasers use total internal
reflection (TIR) to confine light within their structure (usually disk or sphere like).
The strong photon confinement propagates the mode around its concave surface

reducing thresholds and achieving quality factors as high as 10 million [142, 143].
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By integrating CdSe/CdZnS CQDs onto dielectric microsphere surfaces, Snee et
al devised an approach to produce stable and repeatable laser emission through
silica and polystyrene [63]. Here the WGM produces multimodal laser emission
spans a range of 620nm to 680nm where a variance in the microsphere dimensions
(so that only one mode appears within the stop-band) allows the tuning of sin-
gle mode emission. Chan et al built on the size tunability of microspheres using
CdS/ZnS nanocrystals (NCs) (~4.5nm) emitting in the blue (~480nm) achieved
laser oscillation [144]. Min et al demonstrated an ultra low threshold of ~9fJ per
pulse (fs excitation at 388nm) when employing toroidal microcavities [145]. Here,
CdSe/ZnS NCs were spun cast onto the surface of the microcavity. A threshold
this low is the result of the high Q-factors present in comparison to microsphere
resonators with similar size [143]. This is due to lower mode volumes in addition
to efficient evanescent coupling of the pump to the toroidal microcavity geometry
via a tapered-fibre. These cavities also benefit as they can be fabricated through
lithography allowing for predefined locations on silicon chips. The toroidal cavities
resonances can also be tuned electrically in return tuning the laser emission. Ar-
mani et al demonstrated such structures [146] (although this has yet to be shown
with CQD implementation).

1.5 Organic semiconductor gain media

1.5.1 Different types

In addition to CQDs, two types of organic semiconductors were also utilised for
lasers as reported in Chapter 5. The optical properties of organic gain materials
rely on electron delocalisation due to m-conjugation. The same phenomenon is the
reason for the semiconducting properties of some organic materials. Organic gain

media can be broadly divided in the following categories.

1.5.1.1 Dyes

Sorokin et al demonstrated the first organic laser through the use of small molec-
ular dyes as a gain material [71]. Dyes have been extensively utilised as gain
materials for organic solid state lasers where the most common being are Pery-

lene, Coumarin, 4-(dicyanomethylene) - 2 - methyl - 6 - (4 - dimethylaminostyryl)
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FIGURE 1.15: Popular dye materials and their molecular structure: a) 4- (di-

cyanomethylene) -2-methyl-6- (4-dimethylaminostyryl) -4H-pyran (DCM), b)

4- (dicyanomethylene) -2-methyl-6- (julolidin-4-yl-vinyl) -4H-pyran (DCM2), ¢)

perylene, d) Rhodamine 6G (R6G), e) Coumarin 47, f) pyrromethane (PM)
[70].

- 4H - pyran (DCM), 4 - (dicyanomethylene) - 2 - methyl - 6 - (julolidin - 4 - yl -
vinyl) - 4H - pyran (DCM2), Pyrromethane and Rhodamine 6G [147-150], figure
1.15. The materials themselves are very small solution processable conjugated
molecules consisting of around ten carbon atoms. As mentioned before, if the
molecules are in close proximity to each other, non-radiative relaxation diminishes
luminescence. To overcome this quenching, dye molecules have to be suspended

in a solvent or a polymer matrix.

1.5.1.2 Conjugated polymers

Unlike small-molecule organic semiconductors, conjugated polymers are solution
processable allowing for their incorporation into photonic devices by printing and
soft-lithography techniques. Conjugated polymers are made up of a repeating

monomer chains and their solubility comes from functional side groups or chains.

The monomers are of similar size to dye molecules. Some of the most commonly
used building blocks are displayed in figure 1.16. Polyacetylene was the first con-
jugate polymer. It was fabricated in 1970s and is the precursor of all conjugated
polymers [151]. Unfortunately, the electronic and semiconducting properties were
not good as high quality films were hard to produce. Advances in synthesis tech-
niques, in the mid 1980s to early 1990s, allowed more complex repetition containing

benzene, thiophene, or similar ring structures, producing more stable molecular
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FIGURE 1.16: Common monomer building blocks: a) (poly) para phenylene

(PPP), b)(poly) para phenylene vinylene (PPV), ¢) (poly) fluorene (PFO), d)

(poly) ethylene dioxythiophene ((PEDOT), e) benzothiadiazole (BT), and f)
(poly) thiophene (PT) [70].

conformation [151, 152]. Their optical properties (e.g. absorption and emission
wavelengths) can be adapted by altering conjugation length or the addition of
specific monomer units into the molecule. Derivatives of poly (phenylene viny-
lene) (PPV) [153] and polyfluorene (PFO) [154] are the main conjugated polymers

utilised in gain materials in visible lasers.

1.5.1.3 Conjugated oligomers

Conjugated oligomers are similar to conjugated polymers. Typically, they are
fabricated using the same building blocks and as a result have similar optical and
electronic properties. The main difference is that where polymers consist of many
repeating units, oligomers are made of only a few repeats, usually less than ten.
In turn synthesis leads to monodispersed molecules with exactly the same number
of repeating units. They are the same distinct reciprocal unit whereas polymers

are long, one-dimensional thread-like chains.

Oligomers are solution processable and are a recent addition to semiconducting
polymers. In particularly, they offer greater spectral overlap of optical transition
and manipulation of the electronic and optical properties, via conjugation length,
insertion of single different monomer species and self-organisation is exploited

[155].

Another advantage of oligomers is the possibility to produce more complex struc-

tures from the monomers. Examples of these are highly branched structures known
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FIGURE 1.17: Structural examples of different oligomers: a) star-shaped
oligofluorene benzene, b) spiro-bifluorene, and c) bisfluorene-cored dendrimer
[70].

as dendrimers, star shaped molecules and structures integrating sprio-linked cy-
clopentadiene groups have been investigated allowing alterations influencing the
optical and electronic properties [155]. These complex configurations are known

to be oligomeric with some examples shown in figure 1.17.

1.5.2 Organic semiconductor lasers
1.5.2.1 Background

Organic lasers utilise carbon based materials forming molecules that act as a gain
material. Kogelnik et al first demonstrated organic solid state lasers in 1971
[156] obtaining lasing from both a DBR and DFB resonator. In the follwing
months, Kaminow et al expanded on this work [39]. In both studies dye-doped
host polymers were employed as the active gain material. In 1992 the first laser
fabricated out of a conjugated polymer in solution were reported [157]. Tessler et
al reported the first organic laser using a m-conjugated polymer solid-state film in
1996 [158]. Organic semiconductor lasers have advanced since then and have been
shown in many different formats with a wide range of gain materials thanks to
advances in material synthesis and processing. The physical concept responsible

for their electronic and main optical properties is described in the next 2 sections.
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FIGURE 1.18: Representation of the a) 2s orbital and b), c¢) and d) the 2p
orbitals.

1.5.2.2 Electronic properties

Carbon and hydrogen atoms are the main ingredients used to form organic semi-
conductors where the main structure of polymers is attained from long chains of
carbon-carbon bonds. Observing how the atoms within the polymers form, and
are bound together, gives an understanding of the electronic and photo-physical

properties of the organic semiconductor.

An isolated carbon atom has an electronic configuration of 1s%2s522p? with four
valence electrons. The 1s orbital contains the core electrons and do not contribute
to the bonds. The four valence electrons are in the 2s and 2p orbitals and are
responsible for the connection to other atoms. The spatial distribution of these
orbitals can be seen in figure 1.18. The unpaired electrons in the 2p orbitals typi-
cally permits two bonds in this configuration. This is not always the case as when
bonds form, the electronic configuration of the carbon atoms can hybridise. This
means that there is mixing of the 2s and 2p orbitals that leads to, for example, an
sp® hybridisation 1s%22s'2p3. This structure results in a more stable configuration
as it enables four bonds in preference to two [159]. A representation of the sp?

and sp? hybridisations is displayed in figure 1.19.

The geometry of the hybridisation depicts the bonding in organic molecules. When
the carbon atoms are double bonded, for example ethane (CoHy), there are three
half-filled sp* orbitals (from the 2s orbital) and an unhybridised 2p orbital. For

this kind of molecule with sp? hybridisation, there are two types of bonds.
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FIGURE 1.19: Depiction of the a) sp? and b) the sp® hybridisations.

These are o bonds and 7 bonds. ¢ bonds are formed by three sp? orbitals of atoms
opposite one another and the 7w bond is formed by the overlap of two parallel 2p
orbitals [153, 156].

The o bonds produce strong and stable links whereas the m bonds are weaker.
o bonds equate to single bonds and a o + 7™ bond represents a double bond. In
such a representation of a conjugated system the p-orbitals produces alternating
single and double bonds between carbon atoms. The 7 bonds allow electron de-
localisation across the overlapping, shared p-orbitals of a group of atoms. This is
the foundation when considering conjugated polymers as organic semiconductors.
In general, in conjugated molecules the m-electrons are delocalised over the entire
molecule. Figure 1.20 is a representation of the ethylene molecule where the elec-
trons in the hybridised m-orbitals are delocalised along the molecule; as it contains
only one double bond. In larger molecules (such as benzene) the m-orbitals de-
localise along the chain connecting them as there is more than one double bond
(where the 7 bonds conjugate together), leading to a semiconductor-like electronic
band-structure [153, 160, 161].

Figure 1.21 displays a phase representation of the wavefunctions of the electrons
when a 7 bond is formed. They can be either in phase or out of phase. When they
are out of phase they are said to be antibonding and referred to as 7* orbitals and in
phase a 7 orbital. 7* bonded orbitals have a higher energy than m bonded orbitals.

*

7* is referred to as the lowest unoccupied molecular orbit (LUMO) and 7 the
highest occupied molecular orbit (HOMO). The HOMO and LUMO orbitals refer
to the valence and conduction bands in analogy with inorganic semiconductors
and behave in the same manner. Due to the 7* orbital being partially empty the
electrons are free to move around it under excitation. This produces conductivity

and is directional if the molecule is linear. It is the radiative transition between
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FIGURE 1.20: A schematic illustration the m-electron delocalisation in single
and double bonds in an ethylene molecule.

B 4

FIGURE 1.21: Phase representation for the wavefunctions of a) = and b) 7*
orbitals.

these two orbitals (HOMO and LUMO) that is responsible for the production of

light and laser emission in light-emitting organic semiconductors [153, 160].

The 7 and 7* energy levels can have two electrons each, resulting in four possible
combinations of spin 1T, ||, 7) and |1. The total spin dictates the spin states
where a singlet state is obtained when the electron spins are paired resulting in a
total spin of zero. When there are two unpaired electrons the total spin is one a
triplet state is achieved. These excited states are called metastable with a lifetime
lasting from microseconds to seconds. In comparison, singlet excited states have
a lifetime of the order of nanoseconds [153, 160, 162].

1.5.2.3 Fluorescence and phosphorescence

In a conjugated molecule the optical absorption and emission properties are de-

termined by the electronic transitions between the 7 and 7* orbitals (typically in
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the visible). The conjugation length is a factor that determines the energy gap
between them. Higher energy is required for electronic transitions with a short
conjugation length resulting in a shorter absorption and emission wavelength [163].
In a way, it is similar to a CQD: a larger molecule confines less the excited carriers,

hence the longer emission wavelength.

The emission of photons can be explained by the Franck-Condon principle, de-
picted in figure 1.22 [164]. External excitation only excites singlets from their
ground state Sy to their excited state S; as triplet-singlet transitions are dipole
forbidden. These electronic states, Sy and Sy, are each sub-divided into different
vibronic state (caused by the different possible vibration modes of the molecule),
where each state has a different energy. Once excited, carriers in a singlet state
can relax radiatively to the lowest vibronic state Sy. However, typically the vi-
bration modes of the molecule are different in Sy and S;. This means that the
lowest vibronic states in Sy and S; correspond to a different molecular arrange-
ment. Upon excitation, a molecule reaches its excited state almost instantly. The
molecule then “re-arranges” to minimise its vibrational energy. Upon emission
of a photon, the molecule goes to the Sy level in a higher vibronic level (like for
absorption, emission is instantaneous on the time scale of molecular arrangement
because electronic transitions are faster than molecular vibration). It then re-
arranges to return to the ground state vibronic level. This process results in a red
shift of the emission wavelength compared to the absorption. Figure 1.22 shows
a typically separated absorption and emission (fluorescence) spectra. This sep-
aration of spectra is known as the Stokes shift. Other phenomena, for example

absorption due to molecule dispersity, also contribute to the Stokes shift.

Different radiative processes produce different types of luminescence. Singlet state
transitions as just discussed have a short lifetime on the order of the ns. This is
called fluorescence whereas triplet states have a long lifetime and produce phos-
phorescence [160, 166, 167]. Singlet states have a probability to spin-flip to become
a triplet state (called intersystem crossing). The rate of this intersystem crossing
is slower (usually longer than several tens of ns to > us depending on the ma-
terial) than the S; — Sy transition. Note that often triplets also absorb in the
visible, overlapping with the emission of S; — Sy transition, which is detrimental
to laser action. This is in fact one reason why organic lasers operate only in the
pulsed regime. Under continuous-wave excitation triplet population builds up,

which takes away energy and increases absorption at the laser transition.
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FIGURE 1.22: Absorption and emission spectra of photons illustrating optical
transitions in between the Sy and 57 electronic states with corresponding fluo-
rescence and absorption spectra displaying the transitions [165].

In terms of laser operation, a larger Stokes shift results in less re-absorption of
luminescence. The larger the Stokes shift, the more the molecule approaches a
4-level system as can be intuitively understood from figure 1.22. This is known to
lower laser operation thresholds and produce higher photoluminescence quantum

yield [164, 168].

1.5.2.4 Organic lasers: State of the art

A literature review of organic lasers based on their properties (wavelength, op-
erational threshold and their photostability) is compiled. The accumulated data
contains information on numerous cavity formats including DFB lasers, facetted
waveguide lasers, DBR lasers, VCSEL, VECSOL, micro-ring lasers, droplet lasers,
doped fibre lasers, random lasers and Fabry-Pérot lasers. All organic lasers, like

CQD lasers, are optically pumped.
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FIGURE 1.23: Overview of reported wavelengths of organic lasers, from [70].
1.5.2.5 Wavelength

Figure 1.23 depicts a synopsis of the emission wavelengths obtained via numerous
laser formats. Organic semiconductors can be designed to emit over the entire
visible spectrum due to the availability of chromophores. The shortest wave-
length was recorded at 361.9nm and utilised spiro-terphenyl whereas the longest
was 930nm and was obtained using IR-140 dye [169, 170]. Through the use of
different organic materials, such as dyes (DCM, Coumarin, PM-597 etc.), conju-
gated polymers (BBEHP-PPV, MEH-PPV, DOO-PPV, etc.), and macromolecules
(oligofluorene truxene, perylene, etc.), this wide range of emission wavelength can
be achieved. There have been more that 350 organic lasers reported in the past 2
decades with the majority (more than two thirds) utilising the DFB laser format
26, 30, 33, 34, 38—40, 45, 147-150, 163, 164, 169-195].

1.5.2.6 Threshold

The values for threshold are typically referred to in terms of the lasers pump
energy fluence, Fy,, or by its power density. The pulse width of the laser emission
determines the terminology as emission that is a lot longer than the singlet state
lifetime the threshold is signified as the power density and when the pulse width
is much shorter than the singlet lifetime, the threshold is expressed as fluence.

Fluence is the defined as the time-integrated flux and is expressed as the energy
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FIGURE 1.24: Overview of reported pump energy fluencies of organic lasers,
from [70].

over area (i.e. pJ/cm?) and the power density is given in kW /cm?. Figure 1.24
gives a summary of Fy, reported in the literature as a function of the pump sources
pulse duration for different types of organic lasers. Most of these use solid-state
lasers or gas lasers as pump sources for optical pumping, where when threshold is
low enough, were pumped by laser diodes or light emitting diodes (LEDs) [196—
199]. For the majority the pulse duration of the pump sources ranges from 150 fs
to 50 ns. As seen with wavelength, the lowest thresholds were obtained from DFB
lasers with the lowest being obtained by Karnutsch et al [200] [26, 30, 33, 34, 38—
40, 45, 147-150, 163, 164, 169-195].

1.5.2.7 Photostability

Under operation when employed as a visible gain material, organic semiconduc-
tors have a tendency to degrade. The main culprit of this degradation is photo-
oxidation and will be expanded on in the next section, section 1.5.3. Compared
with wavelength and threshold, there has been a smaller number of photostability
studies carried out on organic semiconductor lasers. Figure 1.25 illustrates the re-
ported values of photostability, Fye,, in J/cm? [34, 40, 147-150, 170, 171, 179, 201].
Fieq typically represents the intensity at the 1/e value of the total exposure from
the initial value of intensity. However, some of the values shown in figure 1.25

display values of Fy., defined as the intensity drop to 10% or 50% as they are



Chapter 1. Introduction 47

6f = Fabry-Perot . E

10 » VECSOL

5t VCSEL ]

104 r Facetted 1

i DBR ]

& 103 ) Random 2

LE) 10 ] * DFB ; X X.ix }

~—~ 2 [ I ]

) 10 - - X % -
S~ 3 X X X

210" ’ ;
LL'O 0 X X X

10 4 " X 1

L
ol

0y :

0.1 110
Pulse duration (ns)

FIGURE 1.25: Overview of reported photostability of organic lasers, from [70].

taken from literature; where sometimes the value is not stated. This means that
these values can only give a representation of the order of magnitude for the pho-
tostability of organic semiconductor lasers. The longest operational lifetime was
achieved, by Richardson et al [201], by employing an DFB laser encapsulated in
thick glass [180, 202].

1.5.3 Photodegradation

Organic semiconductors are limited in real-world application due to photode-
gradation. Chemical reactions can be triggered within the materials when exposed
to certain conditions resulting in detrimental effects for laser operation. The main

mechanisms responsible are heat, high energy and photo-oxidation [203].

As discussed earlier, section 1.5.2.3, the groups that studied the fluorescent and
phosphorescent properties in organic semiconductors acknowledged these effects
and reported on the mechanisms responsible for photo-induced chemical reactions
in dyes [204]. Bleaching of the OSs emission is a consequence of this photo-induced
oxidation. The photodegradation in PFO (polyfluorene) has been studied where
observations of oxygen atom ketone-bond to the alkyl side chains or even replace
them altogether [205, 206]. This is illustrated in figure 1.26a. Studies on MEH-
PPV (2 - methoxy - 5 - (2 - ethyl hexyloxy) - p - (phenylene vinylene)) resulted
in comparable reactions with photodegradation [207]. After oxidation, the PFO
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a)

FIGURE 1.26: a) Molecular structure of photo-oxidation of fluorene units, b)
photo-oxidation of the oligourene truxene under UV illumination where the
green emission is produced from he photo-bleached pump spot.

molecules, usually known as fluorenones, have a reduction in pump absorption, a
reduced photoluminescent quantum yield, a reduced intensity in the first (blue)
vibronic transition but an increase in the higher (green) vibronic modes [205].
The later results in the polymer appearing greenish after photo-oxidation has
taken place, figure 1.26b. This is understood as the polymer experiencing a strong
electron-negativity of oxygen deforming, delocalising electrons and inducing non-
radiative relaxation processes [206]. This is particularly true when the binding of

the oxygen atom to the molecule is ketonic.

To put it another way, photo-oxidation is another means of a relaxation pathway
for the excited S; state, where the bleaching of the organic light emitters occurs
with the presence of oxygen. There are ways to mitigate this effect: device oper-
ation in a vacuum or inert (i.e. nitrogen) atmosphere, the addition of functional
side-groups to the chromophore that prevent oxygen molecules coming into contact
with the active part of the organic semiconductor, blending the chromophores in a
protective polymer matrix and encapsulation of the device with another material

to provide an oxygen barrier.

Encapsulation has proven to be the most practical and influential method and has
been utilised in DFB devices reported in this thesis as it also increases the photo-
stability of the device. This has also been exploited commercially with OLEDs
employing encapsulation techniques based on inorganic oxygen barriers. Unfortu-
nately, the drawback of this method is that the encapsulation hinder mechanically

flexible devices resulting in further research into different suppressing techniques.
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1.6 Conclusion

Solution processable gain materials are attractive for manufacturing, potentially
at low-cost, visible lasers that are suitable for a range of applications including
sensing, medical diagnostics and lab on a chip, spectroscopy, etc. They also al-
low innovative formats of lasers, e.g. for flexible photonics. However, in the
case of organic semiconductors there are various obstacles hindering their utilisa-
tion, including photostability and the fact they can intrinsically only operate in
a pulsed regime; as a consequence of the triplet state absorbing photons at the
laser transitions in organics. CQDs provide an attractive alternative to organic
semiconductors as they can be fabricated with the addition of inorganic materials.
This is still a young field and, regardless of recent breakthroughs, CQD lasers are
not as mature in comparison. In general, the performance of optically pumped
CQD lasers in terms of threshold remains limited in the nanosecond regime [104].
But, CQDs are intrinsically more photostable and in principle could operate in

continuous-wave.

This chapter has described fundamentals of lasers in view of CQDs and organic
semiconductors. The basic physics and characteristics of these two class of colloidal
materials was discussed. The work reported in the rest of this document targets
the utilisation of both types of fluorescent materials for lasers and studies the

resulting laser devices.
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Chapter 2

Nanoparticle lasers: design and

models

This chapter expands on the notions of DFB lasers and VCSELs. It gives infor-
mation on device fabrication, modelling and concepts that are used in subsequent

chapters.

2.1 Introduction

Section 2.2 of this chapter explains the principles of second-order DFB lasers. The
fabrication of the DFB lasers that are studied in following chapters is detailed in
section 2.3 and a brief description of the optical pumping characterisation arrange-
ments including that for ASE measurements, are given in section 2.4. Information
on the transfer matrix modelling that is used in subsequent chapters to discuss

DFB laser results is included in section 2.5.

Basics of VCSELs are covered in section 2.6, including cavity format, DBR and
beam properties. In Chapter 4 polarisation measurements of a CQD VCSEL under
a spin-polarised pump is carried out and therefore some background information
on spin excitation in semiconductors is given in section 2.7. Finally, the concept
of random lasers is touched upon in section 2.8 as it is a phenomenon that can

occur in CQDs and OSs that is mentioned in Chapter 5.
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FIGURE 2.1: Example of a one layer planar slab waveguide.

2.2 Distributed feedback laser

A DFB laser differs from a Fabry-Pérot laser in that the resonator optical feed-
back is distributed over the whole physical structure of the device. DFB lasers, in
their simplest form, consist of a thin film of a gain material overcoating a periodic
structure. The periodic architecture is responsible for the reflection of the propa-
gating light throughout the gain material as it diffracts it back and fourth through
the thin film due to Bragg scattering. The DFB lasers reported in this thesis are
fabricated with the gain medium cast directly on the surface of a grating struc-
ture. Three main conditions are required: (i) the gain material must have a higher
refractive index than that of the cavity substrate and superstrate media so that
a planar waveguide can be achieved, figure 2.1; (ii) the film of the gain medium
must be thick enough to allow transverse mode propagation, ideally privileging
the fundamental transverse electric (T'Ey which is the electric field parallel to the
plane of the waveguide interface) and; (iii) the grating periodicy must be chosen

to provide optical feedback for the desired mode at the desired wavelength [1].

Figure 2.1 does not take the grating period into consideration. It is a schematic to
describe how the light is confined within the film. In the structure illustrated the
light is confined by total internal reflection (TIR) and travels in the z-direction
with no divergence in the x-direction. In order for TIR to take place, condition
(i) must be fulfilled, the refractive index of the substrate and superstrate must be
less than that of the gain medium [1, 2] i.e. Ngain > Ngup and Nggin > Ngyp. The
modes that propagate through the structure are solutions of Maxwell’s equations
that satisfy the systems boundary conditions. As the wave passes through the
medium, with a propagation constant related to the effective refractive index n.yy,
in the x-direction the transverse profile remains unaltered. This allows the mode
to be seen as only propagating in the z-direction confined within a medium of

index negy.

It is also possible to calculate n.s¢ by solving the dispersion equation. This is

important as n.rs affects resonance within the laser cavity. By considering the
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interface condition in the transverse x-direction, the dispersion relation can be
expressed as,

4rrd 5

A\ Nyain — ngff = ¢sub + ¢sup = 2mm. (21)

Here M is the wavelength, d is the thickness of the gain medium, m is an integer,
Ngain 18 the refractive index of the gain material and ¢y, and ¢, are the phase

shifts present upon TIR at the substrate, superstrate interfaces respectively.

®sup and ¢, are dependent on the polarisation of the light, therefore, two cases
must be considered. Firstly, when the electric field, E, is along in the y-direction

(TE) and can be expressed as,

2 2
1 | Perr = Wsub
Gy = 2tanty | L (2.2)
ngain neff

2 2
n —nNn
Goup = 2tan Ly | L (2.3)
Ngain — neff

and secondly when the magnetic field, M, propagates along the y-direction (TM),

2 2
neff = Wb

2
’rL .
Goup = 2tan 1 L

2.4)
2 2 2 (
sub ngain - neff
2 2 2
n. . n —n
Gsup = otan ! g;m ;ff S;p : (2.5)
sup Ngain — Neyy

The number of modes that the waveguide can produce is determined by its thick-
ness; the thickness of the gain material here. When ng,, = ngyp, the T'Ey and T'M,
have no cut-off in a planar waveguide, however, when ng,;, 7# ns,, there is a cut-off
for each mode. Thus, there has to be a minimum thickness, dy, that when the
film is thinner than the T'Ey mode (or any mode) is not guided. However, when
a thicker film is present, multiple modes can be observed such as the T E; mode,
and so on. This is the same for the TM modes, although, the cut-off thicknesses
tend to differ.

Figure 2.2 plots the dispersion of the first few transverse modes for ng,, = 1.526,
Nsup = 1 and nge; = 1.996 at a wavelength of 530 nm [3]. To re-emphasise, the
film thickness dictates the number of transverse modes that can propagate and
potentially lase. It is therefore an important parameter for single transverse mode

regime of the laser.



Chapter 2. Nanoparticle lasers: design and models 71

200 :
1S —

g '
2 1.8} — TE, -
S I

“TL T
Eg 1.6 B /{I’ TMI 7
™ 0 200 400 600 800

Film Thickness [nm]

FIGURE 2.2: Example of the transverse mode effective refractive index as a
function of film thickness.

Again considering thin films, the n.s¢ of the TE mode polarisation is higher than
that of the TM mode. This signifies that there is stronger confinement for the TE
mode, and as a result, it interacts more with the gain material. In turn, lower
laser operation thresholds are typically achieved for the T'Ey mode (compared to
the T'My mode).

With the basis of the waveguiding effect in thin films discussed, lets apply this
to a full resonator and use coupled-wave theory to describe the effect of optical
feedback, figure 2.3. Here it is considered that there is only one transverse mode,
TFEy, where the wave propagates in both directions within the waveguide. When
the wave travels in the positive z-direction, it is said to be a forward guided
wave, and when in the negative z-direction, a backward guided wave. This is an
approximation as the gain material thickness is averaged taking the grating depth
into account. These diffractive grating structures can be designed and have a
one-dimensional grating [4], or even a two-dimensional [5, 6] or three-dimensional
corrugated structures. Chapters 3 and 5 report on DFB laser formats utilising

one-dimensional second-order grating structures.

The periodic change in refractive index (and modal gain) causes coupling between
the forward and backward propagating waves in the gain medium through Bragg

diffraction. From this phenomena the total intra-cavity electric field mode can be
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expressed as the sum of the forward and backward propagating modes:
E(z) = ¢(z)[A(z)e”™* — B(z)e™*]. (2.6)

Here ¢(x) represents the transverse amplitude of the “uncorrugated” guided mode,
A and B are the amplitudes of the forward and backward propagating waves
respectively and k; is the wave vector. This corresponds to the Bragg vector in

DFB lasers and is defined by the Bragg equation,

_ 2MNefr MW

k .
W A

(2.7)

Here n.ss is the effective refractive index of the mode, A, is the Bragg wavelength,
m is the diffraction order that determines the direction of the laser emission and
A is the period of the grating [7, 8]. The diffraction order also provides in-plane
feedback due to the m'™ scattering order in a DFB grating with additional orders

being coupled out of the waveguide.

In a first order DFB laser, where m = 1, there is only one order of diffraction,
which is in the plane of the laser and thereby provides feedback (coupling of the
two counter-propagating waves). This results in the laser emission exiting the edge

of the gain film. This reduces equation 2.7 to,

2neff . 1

>\b Kv (28)

and is represented in figure 2.3a.

In the case of a second order DFB laser, where m = 2, the laser emission exits the
device perpendicularly from the surface (note that light is emitted from both sides
of the device). This is due to the first order diffraction outputting the light out of
the waveguide at 90° and the second order diffracted light providing the optical

feedback in plane. Equation 2.7 can the be expressed as,

neff 1
b A’ (2.9)

and is represented in figure 2.3b.

Equation 2.9 shows the importance of cavity design and how n.s; is an impor-

tant choice when choosing a grating periodicity. This means that for a specific
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a)

b)

FIGURE 2.3: Examples of DFB laser structures of a) first order (m = 1) and
b) second order (m= 2).

grating period, the n.ss aligns the Bragg resonance to the desired emission wave-
length. This also permits tuning of the device as varying film thickness allows
different grating periods to be used providing flexibility in obtaining the emission

wavelength; as varying film thickness varies n.y.

As discussed earlier, equation 2.6 describes the field inside the DFB waveguide as
having two waves, A(z) and B(z), that are amplified as they propagate through
the z-direction. With equation 2.6 and the wave theory for the Bragg wavelength

region, the propagation of the coupled waves, A(z) and B(z), can be found,

0 g . :
0 g . Iy

g is the gain coefficient, 0 ~ 8 — Bp,qg9 Where 3 is the modal propagation constant,
r is the coupling coefficient that depends on the laser structure, grating depth,
difference of material refractive index and the overlap of the mode between the
gain material and grating structure as well as possibly on the gain. The solutions

of the coupled wave equations are,
A= a7 + ase” 77, (2.12)

and
B = bleVZ + bg@iwz. (213)
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Here ~ is the complex propagation constant given by,

2
V2= K2 4 (g - 2'5) . (2.14)

There are three possible scenarios for the propagation constant v depending on ¢
and k. When & is real this results in pure index coupling, when & is imaginary it
gives pure gain coupling, and the intermediate case when x is complex both gain
and index coupling occur. For pure index coupling, the spectral region is close to
the Bragg wavelength and v has real values. No waves can propagate here and it is
known as the photonic bandgap. In this case the laser does not emit at the Bragg
wavelength, however, it emits at wavelengths near the so call photonic bandgap,
at the band edge. This happens for relatively deep gratings. The DFB lasers
reported in this thesis contain shallow gratings resulting in complex coupling.
Unlike index coupling, gain coupled DFB lasing can occur in the bandgap near
the Bragg wavelength. This results in the Bragg wavelength being adequate for

design purposes.

2.3 DFB fabrication

DFB lasers are utilised in Chapters 3 and 5. The fabrication process for these
solution-processed DFB lasers are explained in this section. The reported devices
follow the architecture of a gain material layer deposited onto the surface of a
second-order one-dimensional grating structure that acts as the DFB reflector.
The deposition of the gain material is achieved by spin coating and drop casting
methods, which are described in the subsequent sections. Spin-coating is done by
dropping the gain material, in solution, onto the grating pattern and spinning at
speeds between 1 to 8 krpm, where the spinning speed dictates the film thickness
[5]. In addition to this, all reported devices are fabricated in completely ambient

conditions.

2.3.1 DMaster grating

In order to produce repeatable grating structures a master grating is used where
negative imprints create the reflector used in experiment. These are silica sub-

strates approximately lem x 1em where the grating is produced by electron beam
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FIGURE 2.4: Silica master grating with A = 350nm, modulation depth 50nm
a) SEM image, b) AFM image and ¢) AFM profile scan.

lithography. These have modulation depths of 50 nm and a period, A, chosen for
particular emission wavelengths. A master grating with A = 350 nm is displayed
in figure 2.4. The copies of the master grating are created using an ultraviolet-
transparent and photo-curable epoxy material Norland NOA 65. This material
was chosen due to its refractive index, n = 1.52, as the refractive index of the
grating substrate must be lower than that of the gain material as the higher the

index contrast, the more efficient the DFB effect.

When fabricating the structures a drop of NOA 65 is placed directly on the grat-
ing surface of the master grating. A small sheet of acetate, approximately 0.1mm
thick, is then placed on top of the epoxy and pressed down ensuring that it com-
pletely covers the grating structure. The acetate then acts as an underlying sub-
strate. This is then photo-cured under a UV lamp, 370 nm at a 300 m.J/cm?
dose, for one minute. The acetate, with the NOA 65 attached, is then pealed off
and post-cured for one hour under the same UV lamp. This process reproduces a
negative image of the master grating where figure 2.4b displays a typical atomic

force microscopy (AFM) image and figure 2.4c a profile scan.

2.3.2 Neat lasers

We refer to “neat lasers” when the gain material is deposited dispersed in solvent

applied to the grating substrate with no additional encapsulation layers or no
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host matrix. This results in the gain layer being made up of purely CQDs or
purely OS, initially dissolved in solvent and then cast onto a grating substrate
(note in chapter 3 neat refers to non-encapsulated). The solvents used are chosen
based on their boiling points as well as their compatibility with the gain material.
This allows film thickness tuning as a higher boiling point results in a thinner
films. Information on the solvents used are discussed in the relevant chapters.
As mentioned previously, the film thickness of the gain layer are important as
propagation of at least the T'Ejy mode has to be ensured. This is determined by

the spinning speed at deposition and the solvents used.

2.3.3 Nanocomposite lasers

Nanocomposite lasers differ from neat lasers as the gain material is embedded in a
polymer matrix. For these devices the fabrication process is the same as the neat
laser differing only in the gain material being mixed in a matrix before deposition.
In this thesis poly (methacrylate) (PMMA) is utilised with CQDs.

2.3.4 Encapsulated lasers

The encapsulation process is an additional step taken in device fabrication. The
devices are fabricated as described in the previous two sections but the gain layer
is further overcoated with the encapsulant layer. In Chapters 3 and 5, polyvinyl
alcohol (PVA) was used as well as parylene C and spin-on-glass (SoG) in Chapter
5.

The PVA was prepared by mixing an 89% hydrolysed PVA powder, with a molec-
ular weight in the range of 85000 to 124000 g/mol, with deionised (DI) water
until a concentration of 50 mg.mL~! was obtained. This solution was then stirred
until completely dissolved (approximately one hour) at 80°C. Once complete the
solution is spun cast over the gain layer and annealed in an ambient atmosphere
at 35°C for 72 hours ensuring total evaporation of the DI water. This low tem-
perature ensures that the gain material is not heat damaged and produces a good
crystalline cohesion [9]. Utilising AFM, this produces a PVA film of 180 4+ 20 nm
thick.
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When determining the thickness of the PVA layer the solution was prepared as
described above and spun cast onto a planar glass substrate. A scratch was made
on the film and the depth, of the scratch, was measured using AFM. This is the

same method used to determine the film thicknesses throughout this document.

Parylene C is used in Chapter 5 and is an ideal material for its barrier properties,
cost, and most importantly is biologically compatible. It was deposited in the IoP
clean room suite by Dr Robert Scharf by vapour deposition process with refractive
index of approximately 1.64. Spin-on-glass from Desert Silicon was also tested for
these devices. This is a non-doped spin-on titanate known for uniform coatings,
index matching, transparent in the visible and UV absorbing. This is applied
directly onto the gain layer and spin coated at 3.5 krpm leaving a 2000 A layer.
Typically heated at 200°C for 5 minutes to cure, here the same annealing time

and temperature was used as PVA to protect the OSs.

2.4 Optical characterisation setup

The optical pump source used throughout the experiments is a frequency tripled
Nd: YAG Q-switched laser pulsed at 5 ns at a wavelength of 355 nm with a 10Hz
repetition rate. The emission of the excited device is collected via 50um core op-
tical fibre connected to an Avantes CCD spectrometer. A number of channels were
utilised on the spectrometer. These were the “Master” channel with resolution 2.5
nm covering 176 nm to 1100 nm, “Slave 1”7 with resolution of 0.5nm covering a
spectral range 400 nm to 635 nm, and “Slave 3” with resolution 0.13nm with a
spectral range of 420 nm to 653 nm. Samples were placed either perpendicular to
the pump or at a slight angle with respect to the beam axis prohibiting the direct
coupling measured of the pump photons in the optical fibre. The full-width at
half-maximum (FWHM) size of the pump was deduced via knife edge measure-
ments [10-12]. Due to different materials and additional optics the pump spot
size varied throughout the different experiments and is stated in their respected

chapters.

For each laser, the corresponding power transfer function and spectra were recorded,
and in section 3.4.2 the photodegradation of CQD films was measured. The pump
energy is controlled by scanning through a quarter-wave plate, angle «, and having

a neutral attenuator wheel, angle (3, set throughout the measurement along with
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FIGURE 2.5: Optical set up utilised in DFB lasing measurements.

various optics manipulating the pump beam into a stripe. There is also a dichroic
mirror that removes any “green” light from the pump (532 nm) as the pump laser
is frequency-tripled from 1064 nm. A schematic of the optical set up for DFB

lasers can be seen in figure 2.5 where the VCSEL set up is discussed in chapter 4.

2.4.1 Amplified spontaneous emission set up

Measurement of ASE, discussed in section 1.3.5, can indicate whether a material
is suitable as a laser gain material and is the initial step in the investigation. Thin
films of the desired gain material are spun cast on planar glass substrates and
the emission (and eventual ASE) is detected through edge. For such experiment,
the pump was shaped in a stripe configuration and placed near the edge of the
sample, figure 2.6. The films were pumped orthogonally to the surface exciting the
material from the top. The stripe geometry creates a guiding effect that results in

possible ASE detection at the film edge via optical fibre connected to the Avantes.

When in this configuration, the tell-tale sign of ASE is the occurence of spectral
narrowing (section 1.3.5). If this spectral redistribution of the emission for the
material is observed, after reaching a certain threshold energy, ASE is present.
Plotting the intensity, or the intensity integrated on the range of wavelengths
where narrowing occurs, as a function of the pump energy gives a threshold-like
behaviour where above this threshold energy the slope of the detected intensity

VErsus pump energy increases.
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FIGURE 2.6: Plain view schematic of pump on thin film sample in the search
for ASE.

2.5 DFB modelling

In the results chapters reporting on DFB operation, the laser mode transverse
profile and its overlap with the gain region is often discussed for different struc-
tures. The overlap is an important parameter as it indicates confinement of the
mode in the gain region and has a direct effect on the modal gain. A more con-
fined mode usually results in a higher modal gain and a lower threshold. This
is expanded on below. Dr Nicolas Laurand scripted this model using Mathcad
where the calculations are made when analysing slab waveguides representative of
the laser structures characteristics (the corresponding refractive indices and film
thicknesses of the materials) using a multilayer matrix model. This model deter-
mines the T'E, intensity profile across the entire laser structure and is adapted
from [13, 14] where the principles of this method are described. The components

of this model will be discussed below.

2.5.1 Transfer matrix

The effective refractive index of the laser mode is an important parameter that
needs to be calculated in order to model the mode profile of the DFB laser. This is

done by considering a matrix that describes the boundary conditions for respective



Chapter 2. Nanoparticle lasers: design and models 80

[Laser mode
-~
K 1,7 WN
E _
\H ” ©
U " y Superstrate ,’ ‘%\ Substrate
e T_,x e E [\
vV s £ M.
’ (‘B ~.
----- N layers
3]
Incident wave

FIGURE 2.7: Representation of multilayer stack of N thin films surrounded by
substrate and superstrate layers, with a propagating laser mode indicated by
the blue dashed curve.

layers of the DFB structure. This structure is used for the calculation of the trans-
fer matrix and is depicted in figure 2.7. Figure 2.7 shows a multilayer architecture
comprised of N number of thin films sandwiched between semi-infinite substrate
and superstrate. The boundaries of the confined layers are numbered from 1 to
N — 1, where the superstrate is layer 0 and the substrate N. The matrix is derived
by considering a plane wave incident on the structure at an angle 6. Here, the
direction cosines are given by a = ncostl = \/m where [ is the propagation

constant of the mode being constant for all layers and is given by § = nsinf.

This transfer matrix method allows for additional layers to be added on top of the
gain material accurately producing the profile mode of the laser. This is used in
Chapters 3 and 5 where the DFB lasers are encapsulated, by a number of different

materials, and the corresponding 7T'Ey mode is calculated.

The transfer matrix of the DFB device is built up of transfer matrices for each
of the corresponding layers linking the field amplitude to the layer boundaries,

equation 2.15.

cos®,, “isin®,,
M, = T (2.15)
—1Ypstn®,  cosP,

Here ®,, represents the phase thickness, ®,, = kay,(x, — x,—-1) and v as a/z (2o
is the impedance of free space). The matrix is derived from Maxwell’s equations
when applied to a stratified medium where full details on the calculations are

reported in ref [14].
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Once M, for each layer is known the DFB structure can be calculated as the
product of the individual layers, equation 2.16 [15]. Equation 2.16 describes the
overall matrix structure linking the field amplitudes to the substrate and super-

strate boundaries.

M= ﬁ M, — [m“ m”] . (2.16)

n=1 Ma1  Mag

2.5.2 Effective refractive index

As discussed in the previous section, section 2.5.1, the field amplitude between
the substrate and superstrate interfaces can be linked to the transfer matrix by

equation 2.16. This can then be seen to satisfy,

US'M US'[L
( ”) = M( "), (2.17)
V;up V;ub

where “sub” and “sup” represent substrate and superstrate. From Maxwell’s equa-

tions, L oav
U= — 2.18
tkya dx’ (2.18)
v dU
= ——. 2.1
tka dx (2.19)

For guided modes in the ideal system, the energy is confined within the stack of
thin films due to total internal reflections as well as the amplitudes of the field being
independent of the y- and z-directions. The radiation condition states that when
the waves are negative they propagate through the substrate, U = U, e~ "@ur®,
and when positive they propagate through the superstrate, U = Uy, @sub(®=%sub)
In the real world, the field observed in the substrate and superstrate are temporal

resulting in ag,, and oy, being imaginary. Equation 2.17 can then be expressed

1 1
Usp = M Usu- (2.20)
—Vsup Vsub

Equation 2.20 can be solved finding the modal-dispersion function for the bound

as

modes as

X(B) = Ysupma1 + VsupYsubMi12 + Ma1 + YsupMmaz = 0. (2.21)
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The solutions to equation 2.21, if any, represent the effective refractive indices for
the TEy, TE,, TFE,, etc, modes, where the largest value represents the T Ey mode.

For a single layer (the gain film), this relation is equivalent to equation 2.1.

2.5.3 Mode profile

Now that the effective refractive index of the TE mode has been found, it is possible
to plot the distribution of the field between the boundaries of the N layers. For this
an arbitrary value for one of the field amplitudes is chosen where the remainder of

the field amplitude values, at other points in the laser structure, are found using,

U,— U,
( 1) — M( ) (2.22)
Vn—l Vn
Here, an arbitrary value of U = 1 is taken for the boundary between the gain layer

and the substrate. The mode profile can then be plotted using,

E(z) = Uycoslkay(x — x,)] + i'sm[kozn(x — )] (2.23)

Tn

The mode profile is then plotted against the refractive index of the laser structure

where the intensity profile of the mode is |F(z)|?>. Where the modal intensity

overlap with the gain region can be expressed as,

. Jy |B(2)2dz
Joo 1B () Pda’

(2.24)

with ¢ being the thickness of the gain layer. Lower laser thresholds are typically

obtained when there is a greater overlap.

2.6 VCSEL

CQD VCSELs are reported in Chapter 4 and this section introduces the design
and concept elements of VCSELs.
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FIGURE 2.8: a) Schematic of a Fabry-Pérot cavity with length L, and gain
region with refractive index n, b) normalised optical cavity modes with FWHM
(6\) and FSR (AN).

2.6.1 Fabry-Pérot

The cavity structures of VCSELs are similar to that of a Fabry-Pérot. These are
planar cavities containing two opposing mirrors with reflectivities R; and Ry sep-
arated by the optical cavity length, L. This is demonstrated in figure 2.8a. One
of the cavities key features is the finesse, F. This determines the cavity properties
and can be thought of as the number of round trips a photon will make before it

exits the cavity [16]. The finesse can be expressed as,
m (Rl Rg)%
1—VRRy

The cavity length is equal to an integer number of half wavelengths when the

F = (2.25)

cavity is in resonance with cavity length,

A
Lopt = %’ (226)

where ¢ is number of antinodes located between the mirrors. Optical modes
(peaks) in the cavity transmission are obtained when wavelengths satisfy equation
2.26. These occur at their relative spectral position demonstrated in figure 2.8b.
The number of photons inside the cavity decay at an exponential rate due to the
reflectivities of the mirrors being less than unity (Ry, Ry < 1). The Fourier trans-
form of this decay produces modes in the spectral domain that have a Lorentzian
line shape with finite spectral linewidth, v (in Hz). The photon decay rate (k)
is related to the linewidth by k = 1/7., = 2mdv, where 7.4, is the cavity decay

time.
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The cavity length can be calculated using the spectrum shown in figure 2.8b by

rearranging equation 2.26 and differentiating, with respect to the wavelength,

dq 2Lopt
— = 2.27
d\ A2 ( )
Here d\ = A\ and is known as the free spectral range (FSR). This is the spectral
deviation between the adjacent modes (Ag = 1). Equation 2.27 gives the cavity

length as,
/\2

Lopt = 575

(2.28)
The Q-factor is the quality factor and describes the strength of the damping of its
oscillations, or for the relative linewidth within any geometry of resonator. This
can be expressed as,

Vo A

Q=5 == (2.29)

where 0\ is is the cavity linewidth. The Q-factor is proportional to the time a pho-
ton remains within the cavity and can be thought of as the number of oscillations

it makes before decaying. The Q-factor is also related to the finesse by,

Q= qF. (2.30)

This can be linked to the threshold of a Fabry-Pérot cavity as previously discussed
in section 1.3.6. To remind the reader, threshold is determined when the gain of
the cavity is equal to the sum of the cavity loses (the sum of the intrinsic and mirror
transmission losses). Finesse is related to cavity gain as it too is determined by
the losses occurring within the cavity; although not on the cavity length. This can
then be related to the cavities Q factor when divided by the cavities FSR.

2.6.2 Distributed Bragg reflectors

A distributed Bragg reflector (DBR) is a mirrored structure build up of layers
with different optical properties. When high finesse is desired, the resonant pho-
tons within the cavity must be confined efficiently. Using metallic mirrors is one
method used to achieve this, however, the reflectivity of these mirrors tends not to

exceed 95%. This is due to the losses induced when the electric field interacts with
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the electrons in the metal. Evaporated silver mirrors have achieved high reflectiv-
ities [17] but a higher degree of photon confinement can be obtained by utilising
dielectric mirrors. The DBRs used in Chapter 4 are SiOy/T'iO5 dielectric mirrors.
These are based on an architecture of alternating high, low refractive index layers.
The thickness of each layer is taken as the optical depth and is equal to A/4nayer,
where A is the desired wavelength and njqy., the refractive index of the subsequent
layer. The materials are chosen so that the thicknesses correspond to the path
length differences for all reflections from low-index layers being integer multiples
of wavelength (when the photons exit the high refractive index layer encounters
the low index layer interface). A half-wavelength path difference is present in re-
flections from the high index (when the photons exit the low refractive index layer
encounters the high index layer interface). This results in there being a m-phase
shift upon reflection meaning that all reflected rays, from all interfaces, are in

phase.

Fresnel equations describe the reflection and transmission amplitude coefficients of
light at the layer interfaces [14, 15, 18]. When modelling the multilayer dielectric
structures, reflections and interference effects from all interfaces must be taken into
account. A convenient way is to again use the transfer matrix method approach,
akin to that disscussed in section 2.5.1, which is explained in more detail in Chapter
4 for VCSEL formats. A full description can be found in [14, 15, 18]. The model
takes the electric and magnetic fields surrounding each individual dielectric layers
as a matrix and takes the product of all. The final matrix can be generalised
into an arbitrary number of interfaces and is used to calculate the reflectivity and
transmissivity of the DBRs, and then VCSELs.

Figure 2.9 displays the reflectivity spectrum, overlaid with the transmissivity spec-
trum, of a DBR containing 20 pairs of alternating high low refractive index dielec-
tric layers, npign, = 2.6 and ny,, = 1.46, incorporating the semi-infinite substrate
and superstrate, calculated with the transfer matrix model. From the figure it
can be seen that for the a range of wavelength, of roughly 500 nm to 700 nm, the

reflectivity values are approximately unity. This is know as the stop-band.

The penetration depth, Lpgg, is an interesting property as it is a measure of how
deep the electric field travels through the DBR layers. This property is subject to

the various interfaces (DBR layer) the electric field encounters. When an incident
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FIGURE 2.9: Typical reflectivity spectrum of a DBR strucuture (solid blue line)
overlaid by the corresponding transmissivity spectrum (orange dashed line).

photon encounters a high index layer Lppgg is given by [19]

An
AN

Lpprn = (2.31)

and for a low index layer,

Agy AAN

AnAn  2m2nng,

LDBR,Z = (232)

Here An = nj, —n; and n,,! = 2(n;' + n; ). The total penetration depth of a
cavity is the sum of the values for each mirror, Lppr = Lppr1 + Lppr2 Where
Lppr1 and Lppro are the respective penetration depths of two DBRs. The total
cavity length, L, can then be taken as the sum of the physical separation of the

mirrors, Lg, where the total penetration depth is,
L = L¢ + Lppr, (2.33)

and the optical cavity length is,

Lopt = nLC + naULDBR. (234)

2.6.3 Gaussian beam optics in a cavity

Lasers such as VCSELs emit beams which can be considered Gaussian and are

described as the spatial distribution of the optical modes formed by the cavity
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formats. Details on higher order cavity modes will be expanded on in sections 2.6.4
and 2.6.5 and are referred to as either Hermite-Gaussian or Laguerre-Gaussian
modes. A more in-depth derivation of these modes can be found in references
[14, 15, 20-23]. To start, the Helmholtz equation is used. This describes the
propagation of the spatial part of the electric field, E(r), when there is no charges

or current present,

(V2 4+ EHE(r) =0, (2.35)
where k is the wavevector and V? = 88—;2 + g—; + g—; is the Laplacian operator.
Solving equation 2.35 gives,

E(r) = U(r)e 2, (2.36)

where U(r) is the complex amplitude. This can be simplified by taking the angle
that the light diverges (#) from the direction of propagation to be small (the
paraxial approximation). This means U(r) in equation 2.36 slowly varies as a
function along the z-direction so that %27[{ < k%—g < k?U. Substituting equation

2.36 into equation 2.35 results in the paraxial Helmholtz equation,

L oU

2 2 . . .
where V2 = % + ;—yz is the transverse Laplacian operator. The Gaussian beam

shape is described by the solution to equation 2.37,

wo _i . ik r2 .
E(r) = U, e w@? Tz ant o 1(2) (2.38)

w(z)

Here 7 = /22 4 2, w(z) is the 1/e value of the beam radius at z and can be seen
in figure 2.10. In a cavity comprised of a planar mirror, M;, and a curved mirror,
Ms, when z = 0, wg and Uy are the radius of the beam and the amplitude located
at the surface for the first mirror, M;. The radius of curvature (RoC) of the second
mirrors, My, phase profile and the Gouy phase shift are 5(z) and ((z). Thus the
Gaussian mode profile is given by the first term in equation 2.38 and is dependent
on w(z). The wave propagation is in a positive direction due to the second term
in equation 2.38 providing k is positive. The third term defines the RoC of the
wavefronts in the z-direction and the fourth contains the Gouy phase factor. The
Gouy phase factor induces a phase shift to a propagating Gaussian beam. This

phase shift differs from a plane wave but the optical frequency is the same playing
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FIGURE 2.10: Schematic of a Gaussian bean cavity of optical length, L,,;. Here

wy is the waist radius at the first (planar) mirror, My, zg is the Rayleigh range,

the angle of divergence 6 and the two mirrors with RoC M;i, Ms, Ry and Ro
respectively [20].

an important role determining the resonant frequencies of the cavities.

The Gouy phase shift, along with the beam waist and RoC, can be expressed in
terms of the Rayleigh range, zz. This is the distance along the z-axis where the

beam is equal to v2wy, figure 2.10,
ZR = —V, (239)

where the Gouy phase shift is expressed by [23, 24],

b(z) = (N + 1)aman<i>, (2.40)

<R

where N is defined by 14+m (transverse mode values),

w(z) = wo\/<1 + (i)Q) (2.41)

B(z) =z+ %, (2.42)

and

C(2) = tan™! <i) . (2.43)
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Taking a more general case giving each mirror a finite RoC, the minimum mode

waist, wy, for the mirrors, wq, we, can be defined by,

Lgeo

2.44
e, (2.44)

gi=1-

where g; is a parameter, Ly, = nLc and is the geometrical cavity length, n is the
refractive index and R; is the RoC of each mirror. From this, the beam radius can
be further defined by,

- <ALopt) 2( 9192(1 = g192) )4 (2.45)
T (91 + 92— 29192)% )
)\Lopt) % < g2 ) i
Y - : 2.46
1 ( T (91(1 - 9192) ( )

o= () % () i' (247

Equation 2.45 shows that in order for wy to be a positive value the numerator

must obey the following,
0< 9192 < 1, (2.48)

and is the benchmark for a stable resonator.

It should also be noted here that the device reported on in Chapter 4 utilises planar
mirrors (RoC = 0o) and therefore the cavity is in principle at the limit of stability
(9192 = 1). This means the beam diverges as it travels back and forth within the
cavity. This, in return, will cause more loss. However, in our case, gain guiding
plays the role of a focuser for the modes, stabilising the cavity. The description
of the modes as Gaussian is still valid however it is very difficult to predict the
mode sizes and diffraction losses are still non-negligible, increasing threshold. For
this reason, it is hard to control the number of oscillating modes. We will see in
Chapter 4 that the CQD VCSEL tends to operate on a multitude of transverse

modes.

2.6.4 Hermite-Gaussian

The Hermite-Gaussian beam is made up of higher order transverse electromagnetic
(TEM) modes. Equation 2.38 in section 2.6.3 discusses the lowest order of these
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modes, T Ey mode, however, other higher order modes can exist in optical cavities.
These higher modes are also solutions to the paraxial Helmholtz equation and are
known as Hermite-Gaussian beams. Hermite-Gaussian beams have the general

form,

-2

. r2 .
Eim(r) = UO&HI \/§L H,, \/§L e w2 g ikz o Tk gy pill+mt1)((2)
’ w(z) w(z) w(z)
(2.49)

This is a more general solution of optical modes where it contains the lowest-
order solutions. The two additional factors H, [\/iﬁ] and H,, [ﬁﬁ} are the

Hermite polynomials where [ and m denote their order (Hermite polynomials have
the typical form % — Qz% + 2ay = 0 with « being a constant). These cavity
modes also have an additional transverse mode structure compared to the Gaussian
shape discussed previously (for a Gaussian beam [ = m = 0). They also obtain an
additional phase shift of e(+")¢(2)  The cavity modes in equation 2.49 are known

as “transverse electric and magnetic field” and are represented by T'E M,,,.

A combination of these modes are displayed in figure 2.11. The lowest-order mode
(TEMyo) is known as the fundamental mode and is non-degenerate. The higher-
order modes have spatial profiles and are energetically degenerate for symmetrical

cavities.

Returning to equation 2.49, by integrating this equation, an expression for the

optical cavity volume, V., can be found [15, 22-25],

2

y (2.50)

V:)pt =

2.6.5 Laguerre-Gaussian

Laguerre-Gaussian modes differ from Hermite-Gaussian modes as they have ro-
tational symmetry along their propagation axis. As well as this they have prop-
erties of intrinsic rotational orbital angular momentum. The modes are built
up of functions using generalised Laguerre polynomials, Lé, and are written in
cylindrical coordinates (these generalised Laguerre polynomials have the form
x;%’ + (1 - x)g—g + ay = 0, where « is a constant) [20, 22, 23, 26, 27]. As in

the case of Hermite-Gaussian modes, section 2.6.4, the transverse modes are de-

noted by two integer values. These are the radial index, p, where p > 1 and the
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FIGURE 2.11: Hermite-Gaussian electric field distribution of various modes
based, starting with a Gaussian mode, on the device utilised in Chapter 4.

azimuthal index, [, that can be any integer value (equivalent to [ and m in section

2.6.4). The paraxial equation, in cylindrical coordinates, is expressed by,

10/( 0 1 0 L0

The circular beam profile, in the simplest form, can then be expressed as,

LG [/ gt 2 —ier)
u(r, ¢, 2) _ Gy (rv2 e( “<Z)2>Lll 2r e( MO ) (=ilg) o (—ikz) (i9(2))
o w(z) \w(2) P\ w(z)?
(2.52)

Here C’lﬁG is a normalisation constant, w(z) is the radius of the field at the 1/e

value, and R(z) is the radius of curvature of the beams wave-front at a distance
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z. The Laguerre-Gauss mode can is then given as [24, 26],

92 22 (—w)
Epi(r,¢) = Eq ( : )Ll( : )e 7 lite) (2.53)

w(z)? ) P\w(z)?

Note that the first minimum occurs at 22 + y*> = 0 and of the amplitudes are
rotationally symmetric around the z-axis. The Gouy phase shift is exaggerated in
Laguerre-Gaussian modes, the same as in Hermite-Gaussian modes, by a factor
of N+1 (equation 2.40) where N = || 4+ 2p. This also contains the transverse
amplitudes including the Gaussian drop off in r but with the product of the La-
guerre polynomial. The rotational mode number, [, not only has impact on the
Laguerre polynomial but also the phase factor (e=#?). Here the beam profile is
either advance by, or retarded by, | where it completes one rotation (27) around
the beam. This behaviour is an example of an optical vortex associated with the
orbital angular momentum of light. Due to the randomly multimodal nature of
the device reported in Chapter 4 it is not certain that the excited modes have
either Hermite- or Laguerre-Gaussian properties. As the change in location pro-
duces varying output conditions and the laser emission not being collimated it is
difficult to observe the superposition of the modes. Figure 2.12 displays a number

of iterations of the Laguerre-Gaussian modes.

2.7 Spin Injection

Spin dependences of laser devices have been heavily investigated with particular
interest in the effects of how a polarised pump source (master laser) alters the
devices (slave laser) functionality and characteristics [28-30]. This polarised pump
injects spin polarised carriers into the active region of the laser creating imbalances
in the polarisation of carrier populations and can lead to a polarised emission from
the slave laser. All devices reported in this thesis are optically excited using the
Nd: YAG laser discussed in section 2.4. In Chapter 4 the polarisation of the
VCSEL is also studied for different polarisation states of the pump, including

linear and circular polarisation.

When a medium is optically excited by an external pump source with linearly or
circularly polarised light that is resonant with the materials transitional levels, the

medium becomes spin polarised. This is due to the population transfer between
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FIGURE 2.12: Spatial energy distribution of Laguerre-Gaussian modes.
Image is taken from Lucas Hofer, “M? and High-order Modes,” http://
www.dataray.com /blog-m2-high-order-modes.html, 07/06/2017.

the magnetic sub-levels shifting between either the absorption or the emission of
photons where the light polarisation can be chosen as 7 (linearly) of o* (left- or

right-circularly polarised) designated by the polarisation of the pump [29, 31-39].

In the following, background information on this topic is given.

2.7.1 Electron spin interactions

Electrons have the intrinsic property of being spin S = 1/2 and are characterised
as having their intrinsic angular momentum quantum number = 1/2. From the

quantised angular momentum [23], the total angular momentum can be seen as,

S = %(%H)h: ?h (2.54)

Equation 2.54 results in a fine structure that give rise to two possibilities along

the z-axes,
1
S, = iih' (2.55)
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This results in an energy split linking the spin to the magnetic moment of the

electron,

eh

= 2.56
S (2.56)

]

resulting in physical parameters the electron experiences [29]. In the 1920s, two
investigations arose giving experimental values of the electron properties. The
first is the splitting of the hydrogen spectral lines, known as fine structure. The
second was the Stern-Gerlach experiment (1922) demonstrating that a beam of sil-
ver atoms split in two when sent through an inhomogeneous magnetic field. Both
experiments validated the arguments of the electrons intrinsic angular momen-
tum and magnetic moment where this property was coined electron spin, where

equation 2.55 can be expressed as,
S, = mgh, (2.57)

where m, = +1/2.

2.7.2 Pauli exclusion principle

Due to electrons being fermions, S = 1/2, no two electrons in an atom can have the
same quantum numbers. The Pauli exclusion principle is a quantum mechanical
principle that states that two or more identical fermions per quantum state is not

allowed.

2.7.3 Semiconductor energy bands

As p- and s-states are referred to in the subsequent sections a brief description
will be given. The semiconductors that are considered (for example the II-VI
CdSe semiconductor making the CQDs) have all four valence electrons per atom
in the crystal. Here the valence electrons are derived from the s and p orbitals
in a four-valent atom. Figure 2.13 displays the evolution of the p- and s-like
atomic states through s and p bonding and anti-bonding orbitals of a molecule
transitioning to the conduction bands of a bulk semiconductor. It is apparent
from figure 2.13 that the top of the valence band has a p-like character whereas

the bottom of the conduction is s-type. We note that the transition between such
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FIGURE 2.13: Schematic diagram from [16] of a semiconductor made up of

four-valent atoms where the p- and s-states are hybridised forming bonding and

anti-bonding molecular orbits that evolve into conduction and valence band of
the semiconductor.

a valence (p) and conduction (s) bands is dipole allowed [16]. Because of the p-
type character, the valence band is constituted of 3 sub-bands (corresponding to
the 3 p-bonding orbitals), which are called heavy hole, light-hole and spin-orbit
bands (see also section 1.4.2) each two spin degenerate. The conduction band is
unique (but 2-spin degenerate) because of its s-type character. In the following
sections, to discuss spin excitation, these levels/bands are identified by their total
angular momentum J. We will see that consequently, 8 sub-states (2 for the s-
like conduction band and 6 for the p-like valence band) are involved in transition

phenomena.

2.7.4 Bulk III-V semiconductors

To explain the concept of spin injection, first consider a bulk semiconducting
material, as described in [16]. When no magnetic field is present electrons in the
conduction band have equal probability of being either spin up (ms = +1/2) or
spin down (mg = -1/2). This results in there being no net spin. However, when
absorption of circularly polarised light occurs a net electron spin can be created.

This is known as spin injection.

This is possible because the circularly polarised light has an angular momentum
component +h that travels along the z-axis (the direction of propagation). The
angular momentum is dependent on the direction of light polarisation, being +h for

ot (positive polarisation) and -h for o~ (negative polarisation). This demonstrates
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FIGURE 2.14: Detailed sub-level schematic of a bulk III-V semiconductor with

direct band gap and k = 0. Circularly polarised excitation dictates the electron

transitions with energy E; shown from the degenerate valence bands to the
conduction band, with no magnetic field present from [16].

that the absorption of circularly polarised light transmits angular momentum onto

the medium resulting in a net spin.

Consider a direct band-gap III-V (or II-VI) semiconductor where the transitions
are at the fundamental band edge where the heavy- and light-holes are degenerate.
An angular momentum quantum number of L. = 0 is obtained for the conduction
band in s-like atomic states, with L = 1 for the valence band derived from p-like
states. This results in the conduction band, remaining degenerate, having a single
J = 1/2 level and the valence band having a four-fold degeneracy (M, (the sub-
level splitting) = 3/2, 1/2, -1/2, -3/2) level. In the latter, the spin-orbit energy
(from the doubly degenerate state M; = 1/2,-1/2), A, separates the two J levels.

Figure 2.14 displays a detailed sub-level plot of the conduction and valence band
when k£ = 0 (the wave vector) and considers the M states. The conduction band
has a single degenerate sub-level with M; = £+1/2, however, the valence band is
more complicated from the heavy- and light-holes degeneracy, for the J = 3/2 sub-
level. The heavy-hole band has M; = +3/2 and the light-hole band M; = £1/2.
The spilt-off hole band corresponds to the J = 1/2 level in the valence band.

When excited by circularly polarised light, selection rules only allow for specific
transitions to occur. If the semiconductor is excited by o source then transition

containing AM; = +1 are created. When excited by an ¢~ source AM; = —1
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transitions are created. Figure 2.14 illustrates all of the transitions when photon
energy is greater than E,. As can be seen, with o™ the electron in the heavy-hole
sub-level M; = -3/2 is promoted to M; = -1/2 electron sub-level. This is also
true for the light-hole, where the transition from the M; = -1/2 light-hole sub-level
promotes an electron to the M; = 1/2 electron-level. When the semiconductor
is excited by o~ light the transition directions are reversed, as seen in figure 2.14
by the dashed arrows. Heavy-hole transitions are three times more likely than
light-hole transitions (square of the matrix element) [16] resulting in three times
as many electrons with M; = -1/2 rather than M; = 1/2. This allows the electron

spin polarisation to be seen as,

~ N(+1/2) = N(-1/2)

= N(+1/2) + N(-1/2)’

(2.58)

where N(+1/2) and N(-1/2) are the number of electron with spin +1/2 respec-
tively. For o II = —50% and for o~ II = 50%. Therefore, bulk III-V semicon-

ductors produce only 50% of spin polarised electron population.

2.7.5 Spin injection in quantum wells

This can then be extended, from bulk semiconductors, into quantum well struc-
tures. In quantum well structures the degeneracy of the heavy- and light-holes is
lifted. This results in the generation of completely spin polarised electrons, i.e.
IT = 100%.

Figure 2.15 displays the optical transitions in a quantum well structure when
optically excited by circularly polarised light. As discussed previously, the valence
band is obtained by the splitting of the p-states by the spin-orbit interaction. This
produces heavy- and light-hole levels with J = 3/2 with sub-levels M; = +3/2
and M; = +1/2. The conduction band remains the same with the sub-levels
M; = +£1/2 (spin up/down) in the J = 1/2 level. ot pumping results in well
defined circular polarisations as the transitions between the sub-levels are well
defined (M; = £1), demonstrated in figure 2.15.

Comparing figures 2.14 and 2.15 it can be seen that the main difference is the
shift in states. This shift is due to the quantum confinement and results in the
hole levels losing degeneracy. This results in the heavy- and light-hole energies,
hhl — el and lh1 — el, transitions being split by the difference in hh1l and Ih1
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FIGURE 2.15: Detailed sub-level schematic of a zinc-blende quantum well band
structure dipicting the selection rules under circularly polarised optical pump
from [16].

confinement energies. Using circularly polarised light in an energy range of,
Ey+ Ee + Eppy < hw < By + Ee + B, (2.59)

allows for complete spin polarisation of electrons where the direction is dependent

on the pump polarisation (o).

Note that the effect of quantum confinement splitting the heavy- and light-holes is
an important phenomenon. In bulk semiconductors, at k£ = 0, the heavy- and light-
holes have degenerate bands, known as mixed character, with a hole relaxation
lifetime of 77, = 10725 and is typically shorter than the electron relaxation lifetime
[36]. In a quantum well structure this is no longer true as the M; = £3/2 states are
pure eigenstates and due to the circularly polarised photons having an energy range

as in equation 2.59, 100% spin-polarised heavy-holes and electrons are produced.

2.7.6 Quantum dots

Circular polarisation switching and polarisation bistability have been shown in
VCSEL structures [31], circularly polarised laser pulses due to spin polarised ex-
citation [28] and in GaN nanowire lasers [44]. These results are the basis in the
curiosity of CQD behaviour under such conditions and lead onto the Stokes pa-

rameters for the device reported in Chapter 4 being calculated.
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FIGURE 2.16: a) A two-level degenerate system with the conduction band split-
ting magnified. This shows the excited electron relaxing from a circularly po-
larised state into a linear polarised state before emission. b) 153 5-1S structure
indicating the exciton pair dependence on polarisation. Eg and E(’]: represent
the linear polarised levels, Eg and Ef represent LCP levels and Eg and E}% with
RCP. |0 >, | T> and | |> representative of the different polarisation outputs.

Chalcogenide CQDs as studied in this work can be considered of the zinc-blende
or wurtzite crystal structure and the exciton fine structure of the 1S3/, — 1S,
transition is shown in figure 2.16. Three states (dashed lines) are dark and five are
bright. One of these bright states can be excited with linear polarisation and the
other four with either right or left circular polarisation. Therefore, like for quantum
wells, specific spin states can be specifically addressed. For this, the CQDs have
to be suitably oriented, with the excitation light having a propagation component
non-nil along the CQD c-axis (representative of the z-axis). Consequently, in a
random spatial distribution of CQDs, obtaining a significant spin bias of excitons is
not evident. However, even a small difference in the spin of the exciton population
has the potential to translate to a strongly spin-polarised emission in the laser
regime. In Chapter 4, we therefore utilised a spin-polarised pump excitation and
record the polarisation of the CQD VCSEL to see if such a behaviour can be seen.
While the explanations above were on resonant excitation of spin states, it is also
possible to pump out of resonance (as is often done in experiments on VCSELs)
as relaxation is fast enough so the spin are conserved. This is what is done, and

explained further, in Chapter 4.
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2.8 Random lasing

When assessing a material as a potential gain material for a lasers, ASE is ini-
tially sought out as it in an indicator if the material is suitable. This is the
phenomenon of the spectral narrowing characterised by a threshold-like behaviour
of the power-transfer function and is discussed in section 1.3.5. However, a smooth
ASE spectrum is not always observed in OS or CQD thin films but instead there
can be characteristic narrow peaks dominating in intensity superposed onto it.
These peaks are caused by random scattering in the film when optical gain is
present. The scattering can in certain cases increase the photon interaction with
the gain medium in a way that is wavelength dependent. This is at the origin of
the narrow spectral spikes and such behaviour is attributed to phenomena related
to what is termed random lasing (RL). RL was first reported by Lethokov et al
[45, 46] in the 1960s whilst investigating the limits of classical cavity structures.
There was a lack of enthusiasm until the 1990s when unexpected spectral features
were observed in polycrystalline semiconductors [47] and particle-doped dye-based
gain materials [48]. This led onto an active research area exploring the localisation
of light [49], complex interference phenomena [50-52] and phase transition [53].
This has led to RL demonstrations particularly in organic semiconductor films,
where scattering was unintentional [54]. RLs are reported on in Chapter 5 section

5.4 and are produced in OSs.

As stated throughout this thesis, the basic concept of a laser cavity can be un-
derstood with a Fabry-Pérot cavity, depicted in figure 1.1. Comprising a three-
or four-level optical gain medium the optical cavity architecture determining the
output properties of the laser. The emission is usually expected to be directional,
coherent, narrow-linewidth and of a specific state of polarisation. In addition to
this, lasers need to achieve population inversion in order to produce gain within
the energy levels demonstrating clear threshold levels establishing the “kick” in
the power transfer function. However, researchers have explored unique cavity
formats such as lasers without inversion [55], zero threshold laser action [56] and
mirrorless lasers [57]. The latter being where RLs fall into place. RLs lack some

of the properties mentioned resulting in some scientists to have conflicting views.

Typically, RLs emit spiky optical spectra comprised of numerous, or single, narrow-
linewidth peaks. However, it has been shown that phase transitions from spiky

to non-spiky spectra has been demonstrated through varying the pump geometry
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[53]. It was shown that through pumping organic films with a narrow geometry,
highly multimode laser emission with narrow linewidth (< 1meV) peaks were
recorded. These peaks were not periodically separated as other cavity formats

such as Fabry-Pérot or whispering gallery mode lasers would produce.

2.9 Conclusion

In this chapter the principles of DFB lasers, VCSELs and RLs were explained. For
DFB laser the main concepts and fabrication techniques were described including
encapsulation method exploited in the work reported in this thesis. The charac-
terisation methods were also addressed discussing the corresponding experimental
set-ups; although more details are given in the later chapters. The theoretical
models used in these chapters were also expanded upon as their outputs are used

in the discussion of the experimental results.

The main properties of Fabry-Pérot cavities was also covered including the physical
and optical elements. As a polarisation study is carried out in Chapter 4 a basis
into molecular spin is given with examples leading from bulk semiconductor to

quantum dots for comparison.

The experimental results of this thesis and the related discussions are given in the

next part.
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Chapter 3

CQD DFB lasers

This chapter presents and discusses the demonstration of a CQD DFB laser with
state-of-the-art threshold performance for >ns duration pumping. This progress in
performance compared to previous works is enabled by the utilisation of alloyed-
core/shell quantum dots encapsulated in a multilayer waveguide structure. The
overcoating of the gain material with PVA symmetrises the laser structure and
reduces the modal losses, in turn enabling the lowest threshold operation in the ns
regime for CQD lasers. Main results presented in this Chapter are published in
Optics Express (L. J. McLellan, B. Guilhabert, N. Laurand, and M. D. Dawson,
“CdS,Sey_./ZnS semiconductor nanocrystal laser with sub 10kW /cm? threshold
and 40nJ emission output at 600 nm,” Opt. Express 24, A146 (2016)).

3.1 Introduction

CQDs, as explained in Chapter 1, are nanoscopic semiconductor crystals that
confine charge carriers in three dimensions. They are solution processable and
their emission and absorption energies can be flexibly tuned by varying their size
and composition. With the capability to emit at wavelengths typically difficult
to access with other semiconductor materials, e.g. in the yellow-orange part of
the spectrum [1-3], CQDs are attractive for visible lasers. Their solution process-
ing also enables the fabrication of innovative laser cavity formats. Nevertheless,
although intensive studies and developments have been achieved in the last two
decades, a practical demonstration of CQD lasers has yet to be shown. In or-

der to accomplish this, optical pumping with nanosecond or longer pulses must
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be achieved so that the technology is compatible with compact solid-state pump
lasers [4-7] or, the end goal, with laser diode pumping. The main objective of this
chapter was to push the performance of CQD DFB lasers operating in a ns tem-
poral regime. The chapter reports on a distributed feedback laser (DFB) with a
bilayer planar waveguide structure that helps minimise resonator losses and hence
enhances the modal gain. The CQDs used as gain material are alloyed-core/shell
CdS,Se;_,/ZnS CQDs as the alloyed design is known to help mitigate the issue
of Auger recombination, significant in CdSe/ZnS [8, 9].

3.2 Design and fabrication of the CQD DFB struc-

ture

3.2.1 Bragg equation

The principles of DFB lasers are explained in Chapter 2 (section 2.2). As a re-
minder to the reader such a laser utilises a grating structure to create optical
feedback, distributed over the whole resonator structure, through Bragg scatter-
ing for producing laser oscillation. The optical feedback is obtained at the Bragg
wavelength, A\g, and is defined by

m)\B = 2neffA, (31)

where m corresponds to the desired order of emission (here being the second order),

ness is the effective refractive index of the device and A is the period of the grating.

3.2.2 2nd order bilayer DFB laser

A schematic of the DFB laser is shown in figure 3.1. The design is based on a
second order DFB cavity with a bi-layered, planar waveguiding structure. The
grating itself is a rectangular nanopatterned fused silica substrate, with refractive
index of 1.46, which has a period of A = 380 nm and a modulation depth of
50 nm. The period is selected to create a second order DFB effect, i.e. optical
feedback is obtained for m = 2. The laser emits vertically, perpendicular to the

devices surface, through the first order of diffraction. The mask for the grating was
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FIGURE 3.1: Schematic of the second order DFB laser structure with grating

substrate, A = 380nm, 50nm modulation depth, 300nm CQD layer and 180nm

PVA layer. The laser is pumped at an angle (purple arrow) and has vertical
emission (orange arrows).

fabricated by e-beam lithography and its transfer into the fused silica substrate

via etching (see Chapter 2).

The gain layer consisted of a 300nm thick film of CQDs that was directly applied
to the surface of the patterned substrate. The encapsulant overcoating the CQD
film (the second layer of the bilayer design) is polyvinyl alcohol (PVA). It plays
two roles here. First it acts as an oxygen barrier [10] improving the photostability
of the gain material, and secondly it symmetrises the refractive index profile of
the overall DFB laser structure. The latter increases the confinement of the laser
mode within the waveguiding structure. It also reduces the losses by reducing
scattering at the interface of the CQD film. This in turn increases the modal gain,

which is vital to enable low threshold operation.

The PVA layer used in this investigation was chosen to be 180 nm, npy4 = 1.55.
This provides a good compromise between confinement, overlap of the mode with
the CQD layer and barrier properties [10]. This is shown in figure 3.2 for both
a neat device (a single layer DFB laser, i.e. with no PVA) and an encapsulated
device (the bilayer laser incorporating PVA). The figure was plotted using the
transfer matrix method described in Chapter 2. It is expected that the addition
of PVA would result in both an improved overlap with the gain region (see section
2.5.3) and a reduced field intensity at the air interface (hence reducing scattering
loss at the laser surface). However, in reality, the addition of the PVA layer does
not significantly alter the overlap with the CQDs (~82%). The figure (figure 3.2)
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FIGURE 3.2: Mode and refractive index profile of a a) neat waveguide structure
and b) PVA encapsulated waveguide structure.

does display a symmetrising effect present on the mode, confining a larger coverage
within the gain material. Both modes, for neat and encapsulated films, have an
approximately equal size where the encapsulated mode is again centralised within
the CQD film, creating a more symmetrical mode. Figure 3.2 also depicts that the
addition of PVA allows a more symmetrised mode within the CQD film. Thus,
reducing the losses at the device surface; as PVA produces a smooth interface

whereas the CQD PMMA matrix would be less homogeneous.



Chapter 3. CQD DFB lasers 112

3.2.3 Alloyed-core/shell CdS,Se; ,/ZnS

The CQDs selected for this study were alloyed-core/shell CdS,Se;_,/ZnS CQDs
(Trilite”™ from Cytodiagnostics). Although a number of wavelengths were tested
only two, intrinsic PLs centred at 575nm and 630nm, were found to develop ASE
in our set-up. These CQDs are spherical type I alloyed-core/shell structures with
an average diameter of 6 nm and oleic acid as surface ligands. Type I CQDs are
known to suffer from Auger recombination due to having stronger confinement,
which increases their recombination lifetimes but also the likelihood for Auger
effect when there are two or more excitons present. As discussed in Chapter 1,
this is a factor that diminishes laser performance. The Auger effect is increased
by an abrupt core/shell interface and its effects have been shown to be intensified
in CQDs of smaller size [8, 9]. Utilising the alloyed-core design [11] allows CQDs
to retain a relatively large size for a range of emission wavelengths (e.g. 6nm
diameter for emission from 450 nm to 665 nm for Trilite’ CQDs) as these are
selected by tailoring the composition of the core. The alloyed design also results

in a smoothing of the core/shell interface, also reducing the Auger recombination.

The CQDs were initially dispersed in toluene at a concentration of 1 mg.mL™!.
Figure 3.3 shows the absorption and the PL spectra of the 575nm and 630nm
emitting CQDs in solution. For the 575nm CQDs it can be seen that the first
absorption peak appears at 557 nm and the Stokes shift is 21 nm (maximum value
of PL occurs at 578.2 nm) comparable to that of typical core/shell CdSe/ZnS
CQDs [12, 13]. For the 630nm CQDs the first absorption peak occurs at 611 nm
and Stokes shift can be seen to be 11 nm (maximum value of PL occurs at 622
nm). Note that any redshift due to the reabsorption of the CQDs is minimised
in a solution with low concentration (dilute solution). Note that at longer wave-
lengths the absorption spectra does not go to zero. The experimental procedure is
discussed in section 3.3.1 where the “dark” is measured in toluene. Toluene has a
lower refractive index (at longer wavelengths) than the CQDs allowing more light

to pass through causing the non-zero values.

Normally a large Stokes shift (as long as emission stays efficient) is desirable for
lasers as it minimises reabsorption in the gain material. Here, because the absorp-
tion overlays the emission spectra, there will be reabsorption present within the
film as the CQDs partially absorb in their emission wavelength. This correlates

with the redshift in the solid-state emission discussed later in section 3.3.2.
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FIGURE 3.3: Absorption and intrinsic PL spectra of CQDs dispersed at
Img.mL~! in toluene for a) 575nm emitting CQDs and b) 630nm emitting
CQDs.

DFB lasers were demonstrated with 575nm CQDs deposited onto glass gratings,
although ASE from 630nm CQDs on polymer grating was also shown during ini-
tial studies (see section 3.4.1). For these demonstrations solutions of CQDs were
taken and the toluene was evaporated using a vacuum pump, thereby yielding the
CQDs in powder form. The CQDs were then rediluted to 50 mg.mL~! in a Poly
(methyl methacrylate) (PMMA): chloroform mix with a weight ratio of PMMA to
chloroform of 1.6:1. The solution was spun cast onto the planar glass substrate.
After deposition of the PVA, also by spin-coating, the sample was annealed at
30°C for 72 hours. PVA can be found in many everyday appliances such as food
packaging, biomedicine and photonics. It has also been used in photonic crystal
sensors, waveguides and as protective encapsulant in organic solar cell. PVA has
also shown a reduction in lasing threshold as it alters the modal confinement in

the waveguide that occurs during laser resonance [14, 15].

3.2.4 Initial studies using polymeric gratings

Although the main results discussed in this chapter use a fused silica grating
to create the cavity, initial studies with polymeric gratings were attempted. In
these initial studies optical adhesives chosen to have specific refractive indices and
transparencies at certain wavelengths have been utilised: Norland NOA 65 and
Cyclohexyldimethanol divinylether (CHDV).

NOA 65 is transparent at visible wavelengths, can be cured under a UV lamp (370

nm with power density 200 mW /cm?) and has a refractive index of approximately
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FIGURE 3.4: a) Chemical structure of CHDV and the PAG. Upon expo-

sure to light, the monomers are linked through their vinyl ether units [18] b)

CHDYV grating under torch illumination shows the grating structure through its

diffracted light (green colour) ¢) AFM image of CHDV grating with contami-

nation of PDMS from the lithography process d) 630 nm CQDs emitting ASE
on CHDV grating.

1.52. This material has been used before in demonstrations of organic lasers
[10, 15-17] under nanosecond pulsed pumping. However, we found previously
that CdSe/ZnS CQDs had the tendency to aggregate with this material. In this
work with the alloyed-core/shell CQDs we saw no evidence of optical gain in ASE

measurements and it is not discussed further.

CHDV [18], figure 3.4, has previously been successfully engineered with CdSe/ZnS
CQDs [19]. As CHDV is a rigid material it cannot be directly applied to a master
grating. When fabricating the CHDV gratings, a negative copy of the master
grating is created using a flexible Polydimethylsiloxane (PDMS) film to reproduce
the desired periodicity for a second-order DFB. Once the PDMS has set the CHDV
is drop cast onto the grating surface. Before deposition the CHDV is mixed with
Photo Acid Generator (PAG) at 0.1% by weight, figure 3.4a. After deposition the
solution is cured under the same UV lamp used previously. Once set the CHDV
grating was peeled off the PDMS resulting in a copy of the master grating, figure
3.4b, and the (re-diluted) CQDs are spun cast onto the grating surface.

A priori CHDV is an ideal material as it is transparent in the visible and near

UV, it has low refractive index , ncgpy = 1.47, (lower than typical epoxies such
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as NOA 65 that typically increases the DFB efficiency because of the higher index
contrast with the CQDs, leading to greater strength in the propagating mode), is

very robust and the grating structures are reusable.

Unfortunately, even though there are a lot of benefits to this material, there are a
number of drawbacks. Although the rigidity of the material is initially desired, it
is also one of its main downfalls for fabrication as the CHDV literally rips apart
the PDMS grating leaving impurities. This can be seen in figure 3.4c, where the
light sections are remnants of the PDMS being physically ripped off. CHDYV is also
known to shrink under curing, which can alter the periodicity, create non-linear

periods, and decreases the modulation depth.

Despite these difficulties, we had some success with this material with the 630nm
emitting CdS,Se;_,/ZnS CQDs. Figure 3.4d displays fan shaped emission from
the CHDV grating indicating that ASE occurs and is diffracted by the grating.
If the feedback was in resonance, laser emission would happen and these fans
would overlap (with laser emission as a line in the centre). In our case though the
periodicity is not adequate. We had no grating with a periodicity large enough for
such wavelength range (>630nm) and given the difficulty with replication of the
grating in CHDV, we decided to focus on using directly the silica gratings with
575nm CQDs. This is what is discussed in the rest of the chapter.

3.3 Optical Characterisation

3.3.1 Emission and absorption

When measuring the absorption and PL of the CQDs in solution, figure 3.3, as
small amount of the CdS,Se;_,/ZnS CQDs, as purchased, at 1mg.mL™! in toluene
was placed into a Imm-path glass cuvette. For the PL measurement the film was
optically excited via a CW 10mW UV laser diode emitting at 371 nm where the
beam shaped as a 6.1+0.4 mm by 1.740.2 mm stripe onto the film surface. The
emission from the edge of the film was then collected with a microscope objective
(60 X magnification, NA 0.85) and the spectrum was recorded with a TRIAX 550

spectrometer at a resolution of 0.03 nm.
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For absorption measurements a tungsten lamp replaced the laser diode. The light
from the lamp was transmitted through the cuvette and the spectrum recorded us-
ing the aforementioned spectrometer. Measurements were calibrated with respect

to the transmission data taken through the cuvette filled only with toluene.

3.3.2 ASE and photostability

The characteristics for the PL and ASE for both neat (single layer) and PVA
encapsulate (bilayer) devices reported in section 3.4.3 were initially tested inde-
pendently of the DFB laser cavity by constructing the corresponding waveguide
structure onto a glass substrate containing no grating. In order to authenticate
the effect of the PVA layer a CQD film on smooth glass (this structure is called
“CQD sample”) and a CQD film, also on smooth glass, over coated with PVA
(such structure is called “CQD/PVA sample” in the following) were tested for
ASE.

For the detection of ASE (please refer to section 2.4.1 for details) both samples
were optically excited by a Nd:YAG solid-state laser emitting at 355 nm at a
repetition rate of 10 Hz with 5ns pulses. The pump beam was shaped as a stripe
with dimensions 8.3 mm by 1.0 mm on the film surface, near the substrate edge,
and the emission was directly collected from the edge of the sample by a 50um-core
optical fibre placed approximately 0.5cm away. The optical fibre was connected
to a CCD spectrometer (Avantes, 2.5nm resolution) where the evolution of the

spectra was recorded over increasing energies; from below to above threshold.

3.3.3 DFB Characterisation

When characterising the DFB lasers the same optical pump source was used; the
pump spot was 0.74 £+ 0.01 mm by 4.4 4+ 0.2 mm. The devices were placed at a
slight angle and their vertical emission was collected using the same optical fibre
and CCD spectrometer used before, however, the resolution was increased to 0.13

nm.
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FIGURE 3.5: Transfer functions for the detection of ASE for the 630 nm CQDs

with concentration 50 mg.mL~' inset display the corresponding ASE spectra
and edge emission from CW stripe excitation.

3.4 Results and discussion

3.4.1 Study of ASE

Initially the red CQDs were investigated in search for ASE. For the 630nm, at the
same concentration and spin rate as the 575nm CQDs discussed later (50mg.mL ™!
and 4krpm), the threshold energy is seen to occur at 280 u.J/cm?. Above this
energy the shape of the spectra changes developing a second, spectrally narrower
peak. This second peak has a full-width at half-maximum (FWHM) of 5.7nm and
develops on the red side of the PL where it is centred at 637nm, inset figure 3.5.

Once the pump energy levels surpass threshold the ASE peak dominates the over-
all edge emission. A threshold-like behaviour can be seen when plotting the cor-
responding intensity evolution versus the pump fluence at this secondary peak
wavelength (see figure 3.5) validating that ASE is observed. The observed redshift
of the ASE peak in comparison to the edge PL, which is due to the biexcitonic
binding energy, typical of type I CQDs [20, 21]. It was also noticed that, above
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threshold, the value for the ASE peak also redshifts for increasing pump ener-
gies, an effect that has been observed in other types of CQDs. This behaviour
is attributed to the population of the sub-level. Overall, the behaviour and ASE
threshold performance of the 630nm CdS,Se;_,/ZnS CQDs are very similar to
red-emitting CdSe/ZnS CQDs (data not shown).

ASE was also achieved with the 575nm emitting CQDs. Figure 3.6 displays the
normalised spectra for the CQD and CQD/PVA encapsulated films, along with
the edge emission for comparison, when excited with energies approximately 5
times that for the onset of stimulated emission. We note that the ASE threshold
is lower for the CQD/PVA sample as is discussed further (figure 3.7). The edge
PL emission in figure 3.6 was taken from the samples under low intensity CW
excitation by laser diode, section 3.3.1. The PL taken from a dilute solution and
from the edge PL of a film (figures 3.3 and 3.6) can be compared. The edge
PL of the CQD sample is centred at 584 nm with a FWHM of 35 nm. There is
approximately a 10nm redshift between this edge PL and the PL from the dilute
solution. This redshift is expected and is due to the greater CQD density in the
solid state enhancing reabsorption within the CQD film.

Above the ASE threshold, the CQD and CQD/PVA spectra are constructed of an
edge PL base with the addition of a narrower ASE peak. Figure 3.6 decomposes
the spectra by fitting two Gaussians to the data of the CQD sample (red dash-dot
curve) and the CQD/PVA sample (solid blue line). The CQD sample has a PL
centred at 585nm with a marginally wider FWHM of 38 nm - it is similar to the
edge PL under CW excitation. The ASE peak occurs at 589 nm, a 4nm red-shift
when compared with the edge PL, which is ascribed to the balance of gain and
reabsorption within the CQD film. The FWHM of the ASE peak is 8 nm. The
CQD/PVA sample has a PL centred at 587 nm with a corresponding FWHM of
36 nm. The ASE peak occurs at 598 nm with a FWHM of 6 nm. This is an 11nm
red-shift from the PL, which is coherent with a quasi-3 level laser system as the
addition of PVA increases the modal confinement within the structure, in turn
increasing the modal gain, figure 3.2. In a quasi-3 level system the absorption
is non-nil at the transition wavelength and therefore the spontaneous emission
that is guided (and possibly amplified) is reabsorbed predominantly at the lower
wavelengths, causing the redshift. A higher modal gain means a lower pump

level is needed to reach the onset of ASE. A lower pump level also means higher
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FIGURE 3.6: Emission profiles for 575 nm CQDs with CW edge PL (black dash

line), CQD sample edge emission (data: open black triangles; fit: red dash-dot

line) and CQD/PVA sample edge emission (data: black square; fit: blue solid
line) under 5ns-pulse pumping.

reabsorption or lower net gain at the shorter wavelengths and hence the ASE peak

develops at a longer wavelength.

The ASE intensity transfer functions for both CQD and CQD/PVA samples are
plotted in figure 3.7. The recorded intensity is displayed as a function of pump
fluence. The trend for both samples is similar. Initially, when at low fluence,
as the pump is increased, the intensity increases sublinearly. This is a typical
behaviour observed for PL when there is no noticeable ASE. As pump energies
are further increased, towards and beyond threshold (for the CQD sample values
greater than 800 u.J/cm? and for the CQD/PVA sample values greater than 380
uJ/cm?), the trend becomes supralinear, a more characteristic trend for ASE. The
overall emission can be understood as the combination of two main components.
Firstly, there is the unamplified emission component obtained from the PL. This
comes from the spontaneous emission of the main guided modes of the planar
waveguide structure as well as from the leaky modes and higher lateral modes.
Lateral guiding is due to the physical size (width) of the excitation stripe creating
guiding effects in two dimensions. Secondly there is the amplified component itself

from the modes that are primarily confined within the length of the excitation
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stripe. This contribution relates to lower order lateral modes. At low fluence
the sublinear behaviour of the unamplified PL is attributed to (i) an anti-guiding
effect and (ii) from the emission saturation due to non-radiative multi-excitonic
recombination (discussed in more details further). Antiguiding has a negative
effect on the coupling of the CQD emission into the fibre with increasing fluence.
This could be related to the carrier induced change of the CQDs refractive index
and is a currently researched area [22]. The amplified component appears and
then dominates at higher fluences, where the emission domination arises from the
amplified component: the spontaneously emitted photons guided within the CQD
layer are amplified significantly by stimulated emission. As the change in spectral
linewidth occurs, from a broad PL peak to a narrower ASE peak (figure 3.6),
the intensity of the ASE increases exponentially as long as the gain saturation
limit is not reached. Figures 3.6 and 3.7 show that the addition of the PVA
encapsulant creates a greater net optical gain resulting in the activation of ASE
at a lower fluence. This is a direct consequence of the PVA mitigating scattering
losses at the surface of the CQD film, reducing film roughness, and aiding in the

confinement of the mode.

Bearing in mind the two aforementioned components of the samples edge emission,
the data of figure 3.7 can be fitted giving greater accuracy for the value of ASE
threshold. The development of the ASE is given by [23]:

IASE = %(egL - 1). (32)

Here 2 = A - F is the amount of spontaneous emission coupled into the stripe-
defined guide, F is the pump fluence, A is a coupling factor, g the net gain coeffi-
cient and L is the length of the stripe. The net gain is defined as g = B - F', where
B is proportional to the gain factor of the CQD layer. However, the unamplified
component has to also be taken into account. This is done phenomenologically
with the addition of a saturating term I,,p; that is proportional to the sponta-
neous emission. The total edge emission is the sum of these two components:
Q C.F

Iedge = [ASE' + [naPL = _(egL - 1) + -
g 1+ o

(3.3)

I.q4e is the peak intensity observed. I,,pr is the saturating phenomenon with
factors C and Fg (the fluence at saturation). The fit parameters are therefore

A, B, C and F¢ where fitting requires a 2-step method. First the data at low
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FIGURE 3.7: Edge PL peak intensity versus pump fluence for the CQD sample
(blue data points and dashed line) and CQD/PVA sample (black data points
and solid line).

fluence is fitted disregarding the I4gg term as its contribution is minimum, i.e.
considering only I,,pr, enabling solutions for C and F¢ to be found. After this the
entire range of fluence values are fitted over using equation 3.3 where the values of

C and Fg, found previously, remain constant leaving only A and B as parameters.

Figure 3.7 displays the fits calculated from equation 3.3 where the blue dash-dot
line represents the CQD sample and the black solid line represents the CQD/PVA
sample. The values and parameters used in the fitting, including the goodness of
the fit (given as the adjusted R?) are shown in Table 3.1. The CQD/PVA sample
has a higher B factor that corresponds to a larger net model gain when compared

with the CQD sample at the same fluence.

For example, when a fluence of 600 pJ/cm? is taken the net gain, g, is 4.5 + 0.5
ecm~! and 7.2 &£ 0.5 em™! for the corresponding CQD and CQD/PVA samples.
The encapsulant layer produces a higher net modal gain benefical to low threshold
laser performance. At threshold, when the values of spontaneous and stimulated

emission are equal along the stripes edge, produces g(= B.F};,)L ~ 1.256 [23], where
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TABLE 3.1: Parameters for the fits used when plotting figure 3.7.

Parameters CQD Sample | CQD/PVA Sample
A (em?.uJY) | (10 &£ 1).1072 (5.1 & 0.2).1072
Fo (pd.cm™2) 140 = 15 310 £ 5
B (em.pJ™b) | (7.5 £ 0.8).1073 (12 + 0.8).1073

L (cm) 0.8 0.8
C (em?.uJ 1) 9.8 + 0.6 3.14+0.2
Adj R? 98.9% 98.7%

Fy, is the fluence at threshold. This equates to a Fy, = 210 uJ/cm? for the CQD
sample and Fy, = 130 pJ/em? for the CQD/PVA sample noting that the values
of A and C are larger for the CQD sample. This is due to higher confinement as

the CQD air interface has a higher refractive index contrast compare to the CQD
PVA interface.

Another interesting way to understand the saturation term of the PL in equation
3.3 is to relate to the phenomenon to the excitonic population in CQDs (the average
exciton number (N) per dot) assuming a decrease in PL efficiency at multi-exciton
levels. If we write 3; the quantum efficiency for the i** exciton, k as the number
of excitons in a CQD and P (k) the Poisson distribution of k£ in the CQD ensemble
with average exciton number (N), then the contribution of PL intensity from the

CQDs can be written as:

Lapr = P(1)B1 4+ P(2)(B1 + B2) + P(3)(B1 + Ba + B3) + -+ -, (3.4a)

where this can be expressed as,

naPL - Z Bz(

._.

—

P(k ) (3.4b)

Il
=)

n

This equation simply means that the emission is produced from the recombination
of excitons. Due to Auger recombination in CQDs being an efficient process (in
CdSe/ZnS CQDs the Auger lifetime of biexcitons is on the order of 100ps and
smaller for higher multi-exciton levels whereas the single exciton lifetime is 10
ns or more [7, 24, 25]), the emission is often approximated as coming from the
radiative recombination of single and biexcitons only, as the radiative efficiency of

the multi-excitons is considered low (assuming a negligible contribution). In this
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TABLE 3.2: Fit parameters with Auger recombination as main detrimental

effect.

Parameters CQD Sample | CQD/PVA Sample
A (em?p D) | (32 +25).10°2| (5.4 + 3).1072)
B (cm.pd 1) | (85 + 1.5).1073 | (15 £ 0.2).10~°

Lot 1088.4 + 18.9 631.1 + 22.6
Iy; 0 +50.2 0
F, (pm*.pJh) 144.3 £ 11.6 312.5 + 24.0
Adj R? 98.8% 98.7%

case:

hars = 32 ( Z P(k)) — PG+ PR)(5 + ). (3.5)

P(k) is the probability of this occurring and is expressed by Poisson distribution
where, o

P(k) = %. (3.6)
Taking the probability of the intensity as proportional to (N), and assuming that
all CQDs are excited, the I,,p;, component in equation 3.3 is transformed by

equation 3.4 reducing to,

F
InaPL = Isat (1 - 6_;:;) + Ibi <1 - Fe_}% - 6_155) . (37)
Here, I,, is the intensity proportional to i, I is proportional to (o, F' is the
fluence and Fj is the fluence at unity. Equation 3.7 describes the saturating trend

of the PL with increasing pump fluence.

Adapting the I,,,p;, component in equation 3.3 with equation 3.7 similar values (of
the same magnitude) for the parameters can be found as in table 3.1. These are
displayed in table 3.2. Restating that the biexciton component is near negligible
results in these similarities. However, varying this aspect will alter the other

parameters.

This method is not ideal in this case. Yes, Auger recombination is a factor that
will have effect in the measurements. However, fitting equation 3.7 has the same
outcome as equation 3.3 when examining this phenomenon. In the Auger fit the
collection of 100% of light, both PL and ASE, is presumed. Whereas, unlike

ASE that is directional, PL is inhomogeneous and not all photons are coupled
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into the optical fibre. The fit also presumes that there is zero contribution from

multi-excitons.

The values established for the fluences are far greater than the measured values
when the CQDs are applied to a DFB cavity, section 3.4.3.

3.4.2 Photostability

The photostability of the ASE was measured. The samples were fabricated (the
same as for ASE measurements) and were excited with a stripe (same as before),
located close to the substrate edge, connected to an Avantes spectrometer (res-
olution 2.5 nm). This was run over a number of hours where the spectra were

recorded at 30-second intervals.

Here the intensity of the ASE peak for both the CQD and CQD/PVA composite
films, on a grating-less planar glass substrate, were optically excited. However,
the optical excitation energy was approximately 1500 pJ/cm? more than 10 times
greater than the threshold of the CQD/PVA sample. Figure 3.8 shows that the
PVA encapsulant delays the decay experienced by the ASE intensity thus increas-
ing the CQDs operational lifetime. This can clearly be observed by the intensity
pedestal occurring in the first 15 minutes of operation. This can be attributed to
the PVA acting as an oxygen barrier that has been shown to improve photostability

in gain materials [10].

The 575 nm CQDs in this section establishes two points. Firstly, that CdS,Se;_,/ZnS
behaves like a quasi-3 level as can be seen from the redshifts of the edge PL and
ASE peaks. Secondly, in spite of the quasi-3 level manner of the CQDs a low
threshold is achieved from a nanosecond pumping regime. The bi-layered waveg-
uide structure examined here reduces the ASE threshold fluence to 130 u.J/cm?

with an extended operational lifetime.

3.4.3 Laser characterisation

Having demonstrated ASE, in this section, both CQD and CQD/PVA waveguide
structures are applied to lasing in a DFB cavity. The performance of these two
designs of DFB lasers is characterised and compared. The neat CQD DFB laser
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FiGURE 3.8: Photo-degeneracy of the ASE peak intensity versus time
CdS;Se1—,/ZnS film and PVA encapsulated film.

transfer function can be seen in figure 3.9a along with the related spectrum (fluence
163 pJ/cm?) in the inset. The device emits on the T'Ey mode at 589.9 nm, FWHM
of 0.43 nm (at fluence 163 u.J/cm?) and has a threshold fluence of 85 + 8.5
wJ/em? (17 kW/em?). The CQD sample displays improvement when compared
with previously reported CQD DFB lasers. Prior to this work, in the nanosecond
regime, typical threshold fluences were in the range 500 to 4000 uJ/cm? [19]. The
second observable peak occurring at 588.5 nm corresponds to the 7'M, mode that
has a threshold fluence of approximately 160 pJ/cm? (32 kW/cm?).

With the addition of the PVA encapsulating layer the CQD/PVA DFB laser emits
on the TEy mode at 600 nm with a FWHM of 0.45 nm (when at fluence 24.4
pJ/em?). The threshold fluence of the device is 13.5 4= 2.5 uJ/cm? (2.7 kW/cm?)
and to best knowledge is the lowest reported by a solution processed CQD laser
[26], figure 3.9b. This is also an improvement of a factor of 6 when compared to
the CQD DFB laser. Because of the stronger confinement, the T'M,; mode also
oscillates at lower fluence. Its wavelength is 597 nm and the threshold fluence is

approximately 18 u.J/cm?.
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When comparing the primary laser (T'Fy) emission wavelengths of the CQD and
CQD/PVA samples a 10nm shift is observed. This is due to the PVA layer that
increases the effective refractive index for the mode (1.55 for CQD vs 1.58 for
CQD/PVA). The limiting factor contributing to the FWHMs observed for both
samples is due to the presence of lateral modes caused by the lateral size of the
pump excitation. The improvement in the laser operation is attributed to the
addition of the PVA encapsulant layer resulting in the higher modal gain that

reduces the threshold value.

Replacing the spectrometer with an energy meter, an output pulse energy of 40
nJ was measured for a pump fluence 2.67 pJ. The total efficiency of the device
is therefore around 3% considering the top and bottom laser emission, figure 9d.
This value is comparable with other studies utilising CQDs with ns pump regimes
(typically < 10%) with the addition of lower threshold [27], however lower to what

has been obtained with ultrafast pump regimes [28].
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3.5 Conclusion

This chapter reported on a visible yellow-orange CQD DFB laser based on a
bilayer-waveguide structure. The bilayer structure obtained by overcoating the
CQD gain film with PVA was seen to increase the modal gain of the structure,
subsequently lowering the threshold values for the onset of ASE. The addition of
the PVA encapsulant was also shown to improve the photostability in an excita-
tion regime well above the ASE threshold. Such a bilayer structure enabled the
demonstration of a DFB laser, pumped with 5ns excitation pulses, with a fluence
at threshold of 13.5 pJ/em? (10kW/cm?). This was for a time the lowest thresh-
old for CQD laser operation under nanosecond optical pumping. Fan et al has
since demonstrated thresholds of 20k /cm? for thin films of CQD dispersed onto
a two-dimensional DFB greating and SoG encapsulation under microsecond pump

giving encouraging signs that laser diode (LD) pumping is possible [29].

There are still challenges ahead before taking this technology out of the laboratory.
A first step would be LD pumping. High-performance, multi-watts GaN LDs
emit at 405nm or 450nm and not 355 nm. Absorption would be lower at such
wavelengths. However, LD can be pulsed in the nanosecond regime and reaching
above 10 kW /cm? is certainly feasible if the resonator size is reduced further than
what it was in this work. This is feasible in a DFB structure by improvements
of the grating design to increase the feedback strength - for example using a first

order DFB grating structure.

Two-dimensional nanoplatelet technology has recently been studied as an optical
gain material. In [30] CdSe colloidal nanoplatelets excited initially in the fem-
tosecond regime were found to have an exciton binding energy of 132 meV and
a biexciton binding energy 30 meV with lifetimes of 438 ps and 124 ps. These
nanoplatelets displayed threshold at 6u.J/cm? under the femtosecond pump and
claim to demonstrate CW pumped lasing producing a threshold of 6.5 W/cm? [29].
Cadmium based nanoplatelets have also displayed ASE obtaining threshold of 41
pJ/em? and gain coefficents up to 650 cm™! under two photo absorption methods
[31]. These nanoplatelets where also utilised in VCSEL format obtaining thresh-
olds as low as 2.49 m.J/em?. Although the pulsed threshold is approximately half
of what is reported above with the use of a one-dimensional material minimising
the Auger recombination effects. PVA encapsulated PPV materials with similar

lasing threshold under ns pump have shown successful operation with ns pulsed
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laser diodes [15]. Incorporating this with the CQDs would make this technology
appealing as it could lead to out-of-the-lab application.
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Chapter 4

CQD-VCSEL

This chapter presents and discusses the demonstration of a solution processed yel-
low/orange VOSEL utilising alloyed-core/shell CQDs injected into a DBR cavity
structure. Remaining with operation in the ns regime, oscillation threshold com-
prised between 1 and 20 m.J/cm? are obtained. For a broad area excitation (250
um 1/e? radius), the operation is highly multimode and characterised by spatio-
temporal instabilities. When pumped with a spot size at or below 110um in radius,
the VOSEL is observed, in certain cases, to be single mode for low pump energies
while additional longitudinal modes as well as transverse modes appear at higher
pumping levels. Further to this, a study of the polarisation of the CQD laser

emission under different pump polarisations is carried out.

4.1 Introduction

Expanding on the work carried out in Chapter 3, the CQD technology was applied
to a different laser format, the vertical-cavity surface-emitting laser (VCSEL).
VCSELs are a class of semiconductor lasers where the emission is perpendicular
to the surface of the structure (see section 2.6, Chapter 2 and also figure 4.1). They
are made up of two highly reflective planar mirrors, distributed Bragg reflectors
(DBRs), which sandwich an active region. The high reflectivity of the DBRs
compensates for the typical small thickness (1 to 10’s of A) of the gain region, hence
the small single-pass gain, in such devices. Ultimately, a very thin gain region
enables the oscillation of only one longitudinal mode. This helps reducing the level

for threshold, producing lower power consumption [1]. The mirrors themselves
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can be made of a metallic film but usually utilise DBRs. These are made up
of multiple layers of interchanging materials selected to provide an alternating
high/low refractive index modulation. The optical thickness of each individual
layer is equal to a quarter of the chosen emission wavelength so the reflections from
the layers interfaces add up in phase as explained in section 2.6.2. In epitaxial
semiconductor VCSELSs, the active region, also known as the gain structure, is
characteristically made up of one or several quantum wells (QWs) or groups of
QWs [2]. The QWs are a number of nanometres in thickness, designed to emit and
provide optical gain centred at a selected wavelength. Because of their geometry,
VCSELs benefit from a symmetrical beam profile with low beam divergence (at
least for single mode VCSELs), which, compared to edge-emitting lasers, allows

the emission to be easily coupled into an optical fibre or collimated.

Obtaining laser oscillation in a VCSEL structure with a new colloidal material is
typically more challenging than in a planar laser like a DFB because of the smaller
active region thickness and the necessary balance between gain, pump absorption,
losses and DBR reflectivity.

In this chapter, we start by giving some general information and background on
the VCSEL technology and highlight the difficulty to obtain VCSELSs emitting in
the yellow-orange wavelength range when using epitaxial semiconductor materials.
We then present our solution-processed gain VCSEL material approach for emis-
sion at such wavelengths and the different characterisation studies conducted. In
particular, we look at optically-pumped VCSEL operation under different excita-
tion spot sizes and study the VCSEL polarisations for different polarisation states

of the pump.

4.1.1 Background

The first demonstration of a VCSEL was reported by Iga in 1979 [3]. This was
under a current pulsed excitation, at 77 K, and InGaAsP /InP was the semiconduc-
tor material system. Pulsed operation was observed at room temperature using
GaAs/AlGaAs in 1983, and continuous wave (CW) operation was achieved in
1988 using the same materials [4, 5]. The rapid advances in VCSEL technology
was supported by the expansion of epitaxial growth and microfabrication meth-
ods, as well as the oxidation process developed by Holonyak in 1990 for defining

current apertures in electrically-driven devices being notable [6-11].
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Electrical pumping is usually the preferred excitation method [12-14], as it removes
the need for large/bulky pump sources, although compact optical pumping has also
been demonstrated. With electrical pumping, tens of milliwatts are commonly
used to excite the active region resulting in output powers varying over a few
milliwatts (where higher input currents will produce multimodal lasing due to the
oscillation onset of higher order transverse modes). Current is applied by creating
a diode junction with the addition of p and n contacts directly manufactured onto
both sides of the VCSEL. In this case, the DBRs need to be conductive. The
p contact is often designed as a ring electrode enabling the laser beam to pass
through freely [7]. Intracavity contacting is sometimes used to circumvent the

need for conductive DBRs; for example, if dielectric DBRs are used.

VCSELs are sometimes designed to operate as single transverse mode emitters for
a high quality output beam. For this, a very small current aperture is needed
to only, or predominantly, excite the fundamental transverse mode, which in turn
restricts the achievable output power (below the mW up to a few mW). This single
mode emission function also confers the ability of emission wavelength tunability,
by changing of the optical length, e.g. via the manipulation of the active region

temperature or by actively modifying the position of one of the DBRs [14-17].

VCSELSs are used in many applications. Examples of these are optical fibre com-
munications as they can have gigahertz modulation frequencies because of their
short resonator round trip periods, leading onto broadband signal transmission
[10, 18-20]. VCSELs have also been exploited in absorption spectroscopy and in
consumer electronic appliances such as laser printers and computer mice [14, 21—
26]. VCSELs are also used in research for an atomic clock, in biochemical sensing
techniques and even utilised in smart phones, via SPADs (single-photon avalanche

diodes, ST Microelectronics), for time-of-flight ranging [27-29].

4.1.2 Epitaxial VCSELSs

VCSELs are typically made, entirely or partly, of semiconductor materials and
fabricated by epitaxy. Epitaxy is the accumulation of additional crystalline ma-
terial built up layer by layer deposition on a substrate. The term is coined from
the ancient Greek origins where epi-taxis (émi — 7é&€u() refers to above - an or-

dered manner describing how the process is carried out (it can also be translated
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to“arranging upon”). Supplementary layers are labelled as epitaxial films or lay-
ers. There are different processes and different crystal configurations that can be

employed for epitaxial growth.

The various types of epitaxial growth can be separated into different groups: ho-
moepitaxy [30]; heteroepitaxy that utilises a substrate; heterotopotaxy, which is
similar to heteroepitaxy but differs as growth occurs in two-dimensions resulting
in a thin-film material; and pendeo-epitaxy and is again similar to heteroepitaxy

[31] with the addition of lateral growth allowing structures such as nanorods.

The techniques for epitaxial growth include vapour phase epitaxy [32-34], liquid
phase epitaxy [33] and solid phase epitaxy [35]. These processes can be imple-
mented in different ways. Examples of such implementations are chemical vapour
deposition (MOCVD also known as metalorganic vapour phase epitaxy (MOVPE))
32, 35-38] and molecular-beam epitaxy (MBE) [36, 39-41], which both lead to the
highest quality materials. MOCVD uses metal organic precursors. This produces
thickness controlled, high quality epitaxial layers (of I1I-V, II-VI or others) and is
used in the fabrication of quantum wells. MBE requires a controlled environment.
In a very high vacuum (approximately 107® Pa) the substrate is bombarded by
one or more evaporated beams of atoms allowing for lower temperature growth.
Through these methods the growth of groups I, II, III, IV and V semiconductor

groups are accomplished.

4.1.3 The “Yellow/green gap”

The use of different epitaxial semiconductor alloys enables optoelectronic devices
and lasers on a wide range of wavelengths, from the UV to the mid-infrared.
However, there are a few spectral windows, including the yellow-green gap as
discussed further, where it is currently difficult to obtain such devices. The typical
operational range is between 720 nm to 1300 nm when based on GaAs/AlGaAs [42—
44], with the majority of red emitting devices based on AllnGaP [45, 46]. AlGaAs
alloys have demonstrated 670 nm to 800 nm [47]. Dilute nitrides (GaInNAs and
GalnNAsSb) can achieve longer wavelengths up to and beyond 2 pum [48-51] with
a growth still on GaAs. InGaAs and InGaAsP grown on InP are widely used in
telecommunications [52]. The most established wavelength for VCSELs is 720nm-
850nm (AlGaAs/GaAs), but they are also developed (on a much smaller scale)
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at 650 nm (AllnGaP), and 1550 nm (InP-based) and 2000 nm (e.g. Sh-based

material).

However, at lower wavelengths in the visible there are few examples of reliable
VCSEL operation. This is an active area of research where a number of groups
have endeavoured to produce VCSEL structures emitting from the UV to the
green. Some progress has been made by employing mixtures of current driven
semiconductor and dielectric DBRs and all-dielectric DBRs [53-57]. At such wave-
lengths devices have exploited InGaN and other GaN material systems [58, 59].
GaN devices, although working well in the blue/ultraviolet, lose in efficiency at
longer wavelengths (>500nm). This is a direct consequence of high levels of strain
and dislocations in the crystal structure. It is also due to strong polarisation ef-
fects that lead to a strain induced piezoelectric field resulting in the Stark effect
[57-60]. This has been a noticeable and studied effect in the fabrication InGaN
quantum wells [59]. The combination of diminishing quantum efficiencies under
high injection currents and strain effects is causing obstacles for visible emission
in the green-orange region. This issue is known as the yellow gap (also green gap)
[58, 61, 62].

Various groups have attempted to mitigate these issues by applying different meth-
ods. One method is to change the growth substrate for reducing the number of
defects and the polarisation issue. Traditionally grown on c-plane sapphire the
quantum well structure can be grown on GaN and then transferred onto the DBR
structures increasing the growth quality and reducing the Stark effect [63, 64].
Another approach is to refigure the p contact configuration and deposition to al-
low for a smoother current transit and improved thermal management [57, 65, 66].
Unfortunately, these methods have only slightly advanced the technology so far.
The replacement of the growth substrate from sapphire to GaN and the inclusion
of epitaxially grown InGaN QDs has enabled VCSELs operating with low thresh-
olds and CW lasing at room temperature up to 560 nm [59, 67, 68]. However, this
recent, cutting edge device suffers from a complicated design and fabrication, and

the emission is limited to 560 nm and below.

4.1.4 The solution based approach

Here, a solution-based gain material has been explored as an alternative for achiev-

ing VCSEL emission at these desirable wavelengths. While such an approach is
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FIGURE 4.1: Systematic fabrication techniques to create CQD-VCSEL.

unlikely to lead in the near future to electrically driven VCSELs, it has some at-
tractiveness. For one thing, it negates the use of complicated, time consuming and
expensive epitaxial growth methods. Secondly, the library of solution-processed
light-emitting materials, including CQDs, enables operation in the yellow-green
gap. Thirdly, optical pumping with compact blue InGaN devices is possible. Fi-
nally, solution processing allows for new structure formats to be created permitting
the use of different cavity designs, for example for the fabrication of flexible devices
[69-76]. In the following, using commercially available CQDs and dielectric DBRs

such a VCSEL is demonstrated and its characteristics explored.

4.2 VCSEL design and fabrication

The schematic of the CQD-VCSEL and the main fabrication steps can be seen
in figure 4.1. The CQDs were the same alloyed-core/shell CdS,Se;_,/ZnS as in
Chapter 3. These are type I alloyed-core/shell structures (tending towards quasi-
type II at lower wavelengths) with an average diameter size of 6 nm with oleic

acid as ligands. Their intrinsic PL is centred at 575 nm with an approximate PL
FWHM of 40 nm.

The preparation for the CQDs deposition slightly differed from the DFB laser work
as they were purchased at higher starting concentrations; whereas in Chapter 3
the CQDs were initially in toluene at 1 mg.mL~"! here the initial concentration is
50 mg.mL~!. As in section 3.2.3, the solvent of the CQD solution was evaporated
under vacuum leaving the CQDs in powder form. They were re-diluted into a
PMMA chloroform mix at 1.6:1 weight ratio.

Three different Si0,/Ti05 DBRs with respective maximum reflectivity of 70%
(SLS optics), and two high reflectivity > 99% from SLS optics, 585 nm to 685
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nm, and Thorlabs, broadband, were utilised in this study. Laser operation was

achieved using the high reflectivity DBRs.

For fabrication of the full VCSEL, the broadband DBR had a small piece of Kapton
tape, 100 pwm thick, attached to the edge of its reflective surface (step 1, figure
4.1). Re-diluted CQDs were then deposited onto the DBRs surface and the cavity
was closed by placing the other high reflectivity DBR on top [70]; step 2 figure 4.1.
Capillary bonding holds these mirrors together. Once the solvent was evaporated
at room temperature additional CQDs were injected from the side, as shown in step
3 in figure 4.1. The solvent from the additional CQDs is allowed to evaporate and
the process is repeated until satisfactory coverage is obtained. The final VCSEL
is shown in step 4 of figure 4.1. The wedge in the cavity ensures a thickness
for the gain region suitable for laser oscillation to be found. Reaching oscillation
in a VCSEL is not straightforward especially with solution-processed materials
with possible scattering limiting the achievable modal gain. The wedge therefore
ensures that, if laser oscillation is possible, an appropriate gain thickness for a

given cavity reflectivity and given gain material (here CQDs) will be found.

4.3 Optical setup

In this section, we summarise the methods and set-ups used for the experiments

carried out, which are discussed in details afterwards.

The same pump laser as in Chapter 3 was utilised (355nm emission in 5ns pulses
at a repetition rate of 10 Hz). The pulse duration is longer than the accepted
value of Auger decay in standard core/shell CdSe based quantum dots of 360 ps
[77], although the biexcitonic lifetime is unknown the CQDs reported in this thesis
and it is presumed that in alloyed-core structures it is in the range of a few 100’s

of ps to a few ns.

The emission from the VCSEL is coupled into a 50um core optical fibre, and
connected to an Avantes CCD spectrometer. Throughout this study two of the
spectrometers channels were employed depending on the particular nature being
explored. These channels were the master slave with a 2.5nm resolution and slave
3 with 0.13 nm resolution. The VCSEL was investigated for two pump spot sizes of
radius (1/€?); 250 pm and 110 gm. These were obtained utilising optics discussed

further. The plane-plane laser cavity here is stabilised by the gain guiding, hence
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FIGURE 4.2: Experimental setups for CQD-VCSEL investigation.

changing the pump spot size changes the mode sizes and the F number of the
cavity. The optical setup for pumping was similar to Chapter 3 with an attenuator
stage (wave-plate + polariser + neutral density) allowing for the control of the
pump energy incident on the surface of the sample. Flip mirrors then redirects

the beam. These elements can be seen in figures 4.2a and 4.2b.

After the flip mirrors the pump went through a focusing optics, figure 4.2a. The
optics were an asphere condenser (3.2cm focal length) and the pump spot at focus
was measured with a 12 bit CCD camera. The VCSEL device was placed on an
xyz stage. This stage permitted the sample to be easily repositioned, as well as
allowing excitation of different regions. The detection was done behind the device.
A second asphere condenser (3.2cm focal length) was placed 8cm distance away
from the VCSEL to image the output into the optical fibre, through a long-pass
filter.

A large spot size favours highly multimodal lasing due lateral modes being excited
with the large surface area that the spot covers. To reduce the number of oscillating
modes in our devices the simplest method is to reduce the pump spot size by
utilising a focusing lens of shorter focal. In order to reduce the spot size, the

pump beam was first demagnified so it could fill in the aperture of a 4.51mm
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focusing lens with no significant losses. This was done using a contribution of
a plano-convex lens and an asphere condenser (3.2cm focal length), figure 4.2b.
The resulting collimated beam was measured to be 338 4+ 12 by 368 4+ 29 um,
i.e. slightly elliptical. It was then focused onto the device with the aspheric lens
of 4.51mm focal length down to a spot of 55 + 10 um by 50 £ 10 um (again

measured using the beam profiler).

Knowing the spot size when collimated and at focus allows an estimate of the M?
(quality of beam) value to be calculated. Approximating the beam waist assuming

that the optical pump beam is Gaussian, the M? was determined by,

W rWp

M? =
2

(4.1)

where w; is the waist (spot) size of the beam, w; is the radius of the collimated
beam, f is the focal length, )\ is the wavelength and M? can be estimated to be

roughly 12, where wy is calculated to be 4.2pm under perfect conditions.

The error on the fluence threshold in section 4.4.3 is not negligible because of the
tighter focus and the passive alignment of the device. Passive alignment means
that the sample is placed at focus but the position is not fine adjusted based on the
emission characteristics like threshold. Assuming that the M? value is 12 equation

4.2 can be used to calculate the beam radius at a distance z.

wr(2) = wor [1 + (ZAMQ)j %. (4.2)

2

Here wg is the beam radius, wyg is the beam waist, and z is the distance. The beam
radius increases from 50 pm at focus to 500 pm 10mm away. We estimate that the
sample is placed in position within £3mm of the true focus when the alignment is
done passively. This has no significant effect on the effective excitation area when
the pump beam waist is 250 pm but when it is 50 pm the effective pump spot
radius in the CQD region can almost triple. This can translate into an error in the
fluence by a factor of 10. In the following we take the excitation as the average of
the size at focus within this placement range. It corresponds to an effective beam
radius of 110 gm. The threshold is also quoted in terms of pump energy and not
only the fluence. Such a size is still large but we will see that single peak emission

is achievable at least when the pump level is not too high.
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For the polarisation study, which was carried out on the VCSEL excited with
the reduced spot size, a set of polarisers and wave-plates were used. To observe
the polarisation-resolved VCSEL emission, a linear polariser was placed before the
detection. To study the VCSEL polarisation dependence on the pump polarisation,
a quarter wave-plate (QWP) was used behind the VCSEL, while a combination of
a half wave-plate and a QWP before the VCSEL allowed the polarisation of the

pump beam to be altered between linear and right-hand and left-hand circular.

4.4 CQD-VCSEL

4.4.1 Free spectral range

For the first experiment, the CQDs were deposited onto a >99% reflectivity DBR
and the cavity was closed with the addition of a 70% reflectivity DBR. The device
was then optically pumped through the high reflectivity mirror and the spectra
recorded as it exited from the lower reflectivity mirror. The detected emission
spectrum, excited with energy up to 11.1 u.J, displays eight peaks identified as the
cavity longitudinal modes, the spacing between them corresponding to the free

spectral range (FSR), figure 4.3.

The wavelengths of the resonant modes are typically compared with the central,
dominant, mode. In figure 4.3 the central mode occurs at 578.6 nm (FWHM 5.6
nm) where the closest mode, the first mode, is taken to occur at 571.1 nm (FWHM
5.3 nm). The FSR in wavelength is 7.5 nm, where applying equation 4.3 the cavity
length (approximating the CQD film thickness) can be estimated to be 12 pm.

)\2

[ =— 4.
QRQDA)\ ( 3)

In equation 4.3, L is the film thickness, X is the central peak wavelength, A\ is the
FSR and ngp is the refractive index of the CQD region, taken to be approximately
1.8 [78, 79].

Analysing the spectra obtained in figure 4.3 it is clear that laser oscillation is
not achieved. This is because the limited single-pass gain cannot compensate for
the overall low cavity reflectivity. Given the expression of the single-pass gain

in the cavity (see chapter 2), the net modal gain needed to reach threshold here
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FIGURE 4.3: Spectra of 575 nm CQDs in closed cavity of 70% and 99% reflec-
tivity DBRs (no wedge).

is above 150 cm™!, which represents the highest optical gain ever reported for
colloidal quantum dots [80, 81]. Therefore, reaching threshold with such a struc-
ture would be extremely challenging, especially when pumped in the nanosecond
regime. Figure 4.3 allows an estimate of the expected Q factor (this is the qual-
ity factor describing the damping of photon number in the cavity). This can be
calculated by dividing the emission wavelength by the FWHM of the longitudinal
modes. Fitting a Gaussian over the central mode at 578.6nm (data not shown) the
FWHM is 5.6 nm, resulting in a QQ factor of 103. Typical VCSELs have Q factor
in excess of 1000, or at least 500 for (relatively) thick gain region. So overall, not

reaching threshold with this structure could be expected.

Fitting a single Gaussian over the entire PL spectrum also enables extraction of
the “unfiltered” PL, i.e. the PL as emitted by the CQD film within the cavity.
In turn this information can be used to model the theoretical cavity PL emission
aligning the spectra with the transmissivity of the cavity calculated by the transfer
matrix method. This was done and results are shown in figure 4.4a. Figure 4.4b
displays the theoretical cavity reflectivity of the equivalent cold cavity, i.e. ignoring

absorption of the CQDs.
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FIGURE 4.4: a) Model of the cavities FSR using the transfer matrix method,
b) refractive index of CQD-VCSEL representing the structure.

The reflectivity diagram is obtained in a number of steps. Initially the VCSEL
structure is created, taking into account the DBR glass substrates. The reflectiv-
ity is then calculated using the transfer matrix method [82, 83]. Here the model
is based on a layered structure of homogeneous dielectric films where the refrac-
tive index and layer thickness, h, (optical depth) remain constant. From this a

unimodular matrix can be constructed,

M(h) = cos(konhcost) —%sin(konhcosﬁ) (4.4)
—ipsin(konhcosf)  cos(konhcost)
where L p
p = ncosdP + ———cos, (4.5)

n

where P is the polarisation, n the refractive index, k, the wavenumber and ¢
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the angle of the incident photon (taken to be zero). There is a corresponding
matrix for each layer constituting the cavity, i.e. for the DBR layers, and the
active region. The characteristic matrix for the cavity is then the product of the

matrices corresponding to each layer of the structure,
N
M = [[M;(h). (4.6)
j=1

The elements of this matrix allow the calculation of the reflection (and transmis-

sion) coefficients,

r— E _ (mll + m12psub)psub - <m21 + m22psub) (4 7&)
A (mll + m12psub)psub + (m21 + m22psub) ’ '
T 2 su

t=2= = Psub (4.7b)

A (mll + m12psub)psub + (m21 + m22psub) ’
where A, R and T are amplitudes of the electric vectors of the incident, reflected
and transmitted waves. The intensity reflectivity and transmissivity can then be

calculated from,

R =|r? (4.8a)
& = oty (4.8b)
P

Next the spectral transmissivity of the structure is multiplied by a Gaussian that
represents the unfiltered PL of the CQDs, as extracted by fitting the data of figure
4.3. This gives a model of the cavity modes corresponding to the spectra observed
in figure 4.3. The modelled Gaussian is then plotted over the calculated spectra

as a representation of the PL.

Figure 4.4b gives a schematic view of the refractive index profile versus physical
length of the modelled cavity structure. This shows the fused silica (the substrate
of the DBRs), the DBRs and the CQD gain material. Note that the model ignored
the absorption of the CQDs and simply enables a representation of the device
profile regarding the refractive indices. The model also negates to include the
DBR substrate air interfaces and contribution from TM modes in addition to any
angles alleviated from the pump to the DBR substrate surface as a perpendicular

excitation geometry is desired.
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4.4.2 250 pum diameter broad area VCSEL

The experiment of the previous section indicates that there is a cavity effect and,
knowing the CQD material can provide amplification, the next step is to achieve
laser operation by increasing the cavity Q factor. This can be done by increasing
the reflectivity of the DBRs to increase the confinement within the cavity or by in-
creasing the thickness of the gain material, thereby increasing the single-pass gain.
However, increasing the thickness of the material gain is not the preferred option
because it would further increase the number of potential longitudinal modes by
reducing the FSR. Too thick a gain region would also exacerbate the effect of

self-absorption, scattering and pump depletion.

Consequently, the 70% reflectivity DBR is replaced by a R > 99% broadband
DBR. As a result, the overall reflectivity and Q of the cavity are increased (ex-
~ AL
pected Q =~ TR
number of round trips through the gain material. However, a negative conse-

~ 2180 for a 12um CQD thickness) producing a greater

quence of this is a lower output transmission.

Laser oscillation is obtained in this configuration. Figure 4.5a displays the mul-
timode lasing spectrum (resolution 0.13 nm) obtained above approximately 2.1
mJ/ecm?. The main peak is centred at 591.1 nm with a FWHM of 0.2 nm. There
are 6 modes visible between 580 nm and 602 nm. From the FSR equation, equa-
tion 4.3, it can be seen that there are 5 groups of longitudinal modes, with the
remaining modes being transverse, figure 4.5a. The FSR is ~6nm corresponding
approximately to a 16um thickness. The transfer function of the central mode at
591.1 nm is shown in figure 4.5b where the spectral threshold energy is observed
at 2.1 + 0.3 mJ/cm?. The scattered values of intensity above threshold are at-
tributed to the multimodal nature of the device. There is a competition of modes

occurring within the gain material causing spectral fluctuations.

This highly multimode nature is not surprising given the wide lateral extension of
the excitation area, which leads to a high Fresnel number, F, of the cavity. F is
calculated by dividing the radius of the pump spot squared by the product of the

film thickness with the emission wavelength,

(l2

F = .
LoptA

(4.9)
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FIGURE 4.5: a): CQD-VCSEL optically pumped with 250um spot multimode
emission spectra with main peak occurring at 591.1nm with longitudinal modes

present b) transfer function for the 591.1nm central peak with threshold energy
2.1 mJ/em?.
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(a) Position 1

(b) Position 2
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FIGURE 4.6: Images of CQD VCSEL emission beam observed by the Thorlabs

beam profiler at two different excitation positions. Each image corresponds to

a lapse in time. Spatio-temporal instabilities are observed with occurrences of
narrow spectral “spikes” or “beams” associated with spatial solitons.

150 pm o—e

A high F-number indicates overall lower diffraction losses thereby favouring mul-
timodal emission. The Fresnel number here is F = 3172, explaining the highly
multimode nature of the VCSEL.

Spatio-temporal fluctuations are expected in such broad-area VCSELs and are also
evidenced here when recording the VCSEL spatial emission [84-90]. The emission
of the CQD-VCSEL was recorded with the Thorlabs beam profiler with the pump
laser at approximately 5 uJ (=~ 8 m.J/cm?). Figure 4.6 displays two different
equivalent positions on the device that were recorded at different time intervals.
In both data sets the beam fluctuates between a spatially extended emission corre-
sponding to the excitation area (the “broad” beam with maximum intensity near
the centre) and spatially confined “single” spikes. These spikes are attributed
to spatial solitons produced in the cavity [91-94]. These are isolated waves, or
modes, that maintain their structure because of a balance between nonlinear and
diffractive effects. There is nothing here to control and “lock” such solitons and

their appearance and disappearance is chaotic.

4.4.3 110 ym VCSEL pump spot

Reducing the spot radius to between 50 um and 145 pm enables a reduction of the
F number to roughly between 90 and 760 for a mitigation of the highly multimodal
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FIGURE 4.7: Transfer function of the CQD-VCSEL when excited with small
pump spot with threshold energy 8.5 m.J/cm? inset: single, longitudinal mode
lasing spectra.

behaviour. We note that this is still a high F number (as F' > 1) but as we will
see next, it enables single peak emission in our device, at least for a limited range

of fluence.

Figure 4.7 displays the transfer function of the single mode CQD-VCSEL laser
emission where the threshold energy occurs at 8.5 mJ/ecm?. Above a fluence of 16
mJ/cm? one can notice the start of a roll over of the intensity, which is attributed
to the apparition of additional modes and to non-linearities as well as possible
damage of the gain region at such high fluence. It could also be due to additional
diffraction losses at higher thresholds because the gain guiding stabilises the plane-
plane cavity here as there is no thermal effect; although additional study would be
required to validate this. The threshold in terms of fluence is higher than for the
bigger pump spot size, although the error is also significantly larger in this case,

3.2 puJ (and can be up to an order of magnitude).

The inset of figure 4.7 displays the corresponding spectra of the CQD-VCSEL and
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its evolution over a range of energies from below to above the threshold value. The
spectrum is centred at 590.5 nm and has a FWHM of 0.4 nm. The peak value
of the laser emission slightly blue shifts as pump energies increase. In CQD thin
films, such behaviour was also seen in ASE measurements and can be attributed
partly to an increasing number of CQDs reaching saturation of the first excited
energy states, reducing self-absorption. In a VCSEL the wavelength is fixed by
the cavity. The optical thickness of the cavity can be affected by changes in
the refractive index of the gain medium with pump level. This effect results in
the reduction of the gain region refractive index (hence blue shift) as the pump
excitation is increased. It also means that the gain region does not fully clamp at
threshold.

While the laser remains single peak for a range of fluence, it is not systematically
the case. Multimode emission was seen when slightly changing the excitation
position. This is probably due to inhomogeneities in the CQD region and possibly
the mirror surfaces. However, single peak emission could be obtained at several

different positions, which was not possible with the bigger pump spot size.

4.4.4 Slope efficiency

The optical fibre, in figure 4.2, was then replaced by a photodiode connected to
a Thorlabs power meter and the output energy was measured. The power meter
was used because we had no energy meter sensitive enough for this measurement.
The device emits at 10Hz and the averaged output power can be converted into
the output energy per pulse. Figure 4.8 displays the VCSEL output energy versus
the input energy of the CQD-VCSEL yielding a slope efficiency of approximately
2%. This is a relatively low efficiency that is explained by the gain guiding nature
of the VCSEL and the high reflectivity of the output mirror [20, 74].

The threshold energy occurs at 2u.J approximately equal of that detected via op-
tical fibre. Figure 4.8 displays a zoomed in section representative of threshold
location. Unfortunately, this is close to the detection limit of the photo diode
resulting in higher pump energies being used in the detection. Above this, figure
4.8 can be seen to “kick” two more times. This is due to the detection of un-
saturated PL being coupled into the detector. It is also possible that ASE being
detected. This would be occurring within the film where the focusing optics used

would couple it into the photo diode.
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FIGURE 4.8: Slope efficiency of 2% for CQD-VCSEL with 110um pump spot.

4.5 VCSEL polarisation

Reported in this section, an investigation into the CQD-VCSEL polarisation and

the effect of the pump polarisation was carried out.

4.5.1 Linearly polarised excitation

Having demonstrated single longitudinal mode laser emission from a solution pro-
cessed CQD VCSEL (under certain conditions) the polarisation properties of the
VCSEL were investigated. Initially, the pump polarisation was left unchanged
(linear along the vertical, i.e. in the 0°/180° direction). The long pass filter used
to cut the optical pump was relocated directly behind the CQD-VCSEL and a
linear polariser, mounted in a rotating wheel, placed just before the detection
element (see figure 4.2). The polariser was rotated (clockwise) from 0° to 360°.
Figure 4.9a displays the normalised integrated intensity (integration over emitted

wavelengths) versus angle of polarisation. The data is also represented in the 2D
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FIGURE 4.9: a) The intensity of the CQD-VCSEL emission versus angle of
polariser b) detected laser intensity as a function of the polarisation angle.

polar coordinate map of figure 4.9b. The oscillatory period of 90° (7/2) with the
minimum intensity close to (but not quite) nil confirms the mostly linear polar-
isation. The polarisation axis of the VCSEL is aligned along the 115°/295° line.
It can also be observed that the intensity does not totally go to zero (polarisation
appears slightly elliptical). This can be attributed to the additional PL being
coupled within the detection or that the VCSEL is not entirely linearly polarised.
A slight intensity drop at 115° can also be seen in the data, attributed to modal

instability and possible pump intensity fluctuations.

4.5.2 The Stokes parameters

The Stokes parameters are a set of values that describe the state of polarisation
of a light wave. We will use them in our following study. A quick reminder on

polarisation and these Stokes parameters is given first.

4.5.2.1 Stokes parameter

Around 1670 Christiaan Huygens proposed that light propagating through a crys-
tal displayed a vectorial nature. In 1818 Fresnel and Arago were able to describe
the interference pattern of Youngs double slit experiment as two perpendicularly
oscillating transverse waves having no longitudinal component. The polarisation
ellipse, shown in figure 4.10a, is a representation of these transverse electromag-

netic waves. It is taken that the waves propagate in the z-direction and can be
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expressed as,
E, = Eyycos(kz — wt)z, (4.10a)

E, = Ey,cos(kz — wt + 6)3, (4.10Db)

where ¢ is a phase term. Removing the amplitudes, manipulating the double angle
formula, squaring and combining the above expressions, equation 4.10, allows the

equation of the ellipse to be expressed as,

2
E323 + Ey -9 Eﬂ? Ey
ng Egy EOCE EOy

cosé = sin?d. (4.11)

The ellipse identifies 4 quantities. These are the size of the major and minor axes
and the direction of rotation of the polarisation (clockwise or counter clockwise).
When Ey, is zero there is only a y-component resulting in vertically polarised light
and when Ey, is zero the light is horizontally polarised (if the y-axis is chosen as
the vertical and x-axis as the horizontal). 45° polarisation is obtained when there
is no phase difference, and Ey, = Ep, (and E, = E,). Other linear polarisation
are also characterised by 6 = 0. For § # 0 , the polarisation rotation slope is
either positive or negative depending upon the relative phase shift between the

x and y components. Circular polarisation occurs when and Ey, = Ep, (hence
E,/Ey, = cosy and E,/Ey, = siny ). Equation 4.11 then becomes,

E;  E 2 o2
E—(Q)m—l—E—é:cos Y+ sin“p =1, (4.12)

and is the equation of a circle.

Both the linear and circular polarisation states remain related to the elliptical
polarisation (= linear + circular polarisation) with the angles of the elliptical

rotation, x and v figure 4.10a, to be calculated.

In 1852 Sir George Gabriel Stokes discovered that the polarisation states could
be characterised by a set of experimentally measurable parameters: the Stokes
parameters. The polarisation ellipse is a function of time and equation 4.11 can

be expressed as,

( 55((%)2 . ( %(é)))z BB B o i




Chapter 4. CQD-VCSEL 154

a)

FIGURE 4.10: a) Polarisation ellipse including direction and angles of ellipticity.
b) Poincaré sphere.

Integrating equation 4.13 over time results in the expression of the Stokes param-

eters,

(B2 + Egy)2 — (B2, — Egy)2 — (2Eo, Eoyc086)? = (2Eo, Eo,sind)?. (4.14)

Stokes gave a more approachable technique to describe light developing a method
formed around the light intensity, I, the degree of polarisation, P, and relation
to the shape parameters of the polarisation ellipse, figure 4.10a. These can be

expressed as,

So=Eg, + Ey, =1 (4.15a)

S\ = Ej, — Ej, = IPcos(2y)cos(2x) (4.15Db)
Sy = 2E, Egycos0 = I Psin(2iy)cos(2x) (4.15¢)
Sy = 2Ey, Eoysind = I Psin(2y) (4.15d)

where Sy, S1, S99 and S3 are the Stokes parameters. These four parameters char-
acterise the state of polarisation and can be transferred onto a Poincaré sphere for

a 3D representation, figure 4.10b. These can be expressed as,

2¢p = atan (%), (4.16a)
1
Sy )
2x = atan| —F———— |. 4.16b
* <\/S% + 53 ( )
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Stokes’ experimental method was to allow a polarised beam to propagate sequen-
tially through a QWP and a linear polariser. The wave-plate decomposes the
beam photons into two axes, the ordinary and the extraordinary axes, where a
phase shift, of a quarter of the wavelength of the polarised beam, is introduced

between these. The intensity of the beam after the polariser is given by,
1
1(0,¢) = 5(5’0 + S1c0820 + Sysin20cosp — Sysin20sing), (4.17)

where 6 is the angle of the linear polariser and ¢ the phase difference imparted by
the QWP between the x and y axes.

The measurement entails measuring four intensity values. Initially the wave-plate
is omitted (¢=0) and the intensity is measured with the linear polariser set at
angles at 0°, 45° and 90°. The fourth measurement involves inserting the wave-
plate into the optical setup with its fast axis along x, before the linear polariser,
which is set at an angle of 45°, and again measuring the intensity of the beam
with the linear polariser at 90°. From these measurements the Stokes parameters

can be determined by [95],

So = 1(0°,0%) + 1(90°,07), (4.18a)
Sy = 1(0°,0%) — 1(90°,0%), (4.18b)
Sy = 21(45°,0°) — S, (4.18¢)
Ss = Sy — 21(45°,90°). (4.18d)

Although the Stokes parameters are relatively simply obtained through this method,
it is not as straightforward as it seems. It requires precision alignment of both
polarising elements. As well as this, the addition of the QWP reduces the beam
intensity at detection. Finally, this method only collects data at 4 locations in-

creasing the chance of systematic errors.

4.5.2.2 Rotating quarter wave-plate

An alternative method for measuring the Stokes parameters is the rotating QWP
measurement. Here a QWP, paired with a linear polariser at a fixed angle, is

rotated and the intensity of the beam measured for the different angles. This is
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FIGURE 4.11: Normalised CQD intensity as a function of rotating QWP over-
laid with modelled intensity from Stokes parameters.

the method used in our furthering of the polarisation study of the VCSEL. A QWP,
fixed in a rotational mount, was placed into the setup directly behind the long pass
filter and the polariser was set at 74° allowing for the maximum transmission of
the laser emission to pass through (see figure 4.2). Without changing the linear
polariser, the QWP was then rotated clockwise from 0° to 360° in increments of
10° with the addition of 45°, 135% 225% and 315°. This allows the calculation of
the Stokes parameters for the CQD-VCSEL, figure 4.2b.

The optical intensity of the laser emission recorded is then normalised by the values
of maximum intensity. Figure 4.11 shows the behaviour of emission as the QWP is
passed through a complete rotation depicting a 90° (/2) oscillatory period giving
indication that the CQD-VCSEL structure is linearly polarised (scatter plot).

The Stokes parameters are extracted by fitting the data with:
1
1(0) = 5(50 + 5105720 + Soc05205in20 + S3sin26), (4.19)

where Sy, S1, S92 and S3 are the Stokes parameters, I is the intensity and 6 is the
rotational angle of the QWP. Using the techniques discussed in [95] trigonometric
half-angled identities convert the intensity in equation 4.19 into truncated Fourier

series, seen in equation 4.20.

1
I1(0) = 5(14 + Bsin20 + C'cosd6 + Dsin4f), (4.20)
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where
A S+i—zil (4.21a)
— M0 92 - N a n .
g
B=S= ;Jnsmze, (4.21D)
N
4
C= % =N nzz:llncoséle, (4.21c)
Sy 4 &
D=—=— 1,s1n40. 4.21
Y =W ; nsindd (4.21d)

It results in three multiple angle harmonic terms coupled with a constant expres-

sion.

The standard (uncorrected) Stokes vector is built up, by rearranging, equation
4.19 giving
So
S
s=|"" 1. (4.22)
So

S3

Taking possible coupled PL into account, which adds an unpolarised component

to the elliptically polarised light, equation 4.22 becomes,

1 1.00
0.55 0.96
SI<1—P)SUNP+PSELPZ>S: SeLp = , (423)
0.17 0.29
—0.02 —0.03

where P is the degree of polarisation, Syyp and Sgrp are the equivalent Stokes
vectors of the unpolarised PL and the polarised emission contributions for the total
intensity detected. Figure 4.11 displays the fit (from which the Stokes parameters

are obtained) superimposed on top of the normalised spectra.

This fit transcribes well to the normalised data following the sinusoidal modula-
tion giving validation of the linear polarisation with a period of 90° (7/2). The
determined values of the Stoke vector, seen in equation 4.23, are also indicative of
linear polarisation. Inserting these values into equation 4.16b it can be seen that

the polarisation of the emission is at 82° from the vertical axes (¢ = 8° and is
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measured from the x-axis), showing that the polarisation is not perfectly horizon-
tal. The difference with the polarisation found in section 4.5.1 (115%) is probably

because the position of the excitation spot on the VCSEL is not the same.

The degree of polarisation (DOF) gives the percentage of how much of the overall

emitted light is polarised and is obtained using the Stokes values via;

\/W
poMSIESFS | e e e (4.24)

So

For the operation observed in figure 4.11 the DOF can be calculated from the fit,
given by equation 4.23, to be P = 0.58. Thus indicating that the PL contribution
from the CQD-VCSEL has significant contribution as P = 1 if the emission was

made up of entirely polarised light (only laser emission).

The VCSEL emission is thus linearly polarised, at least when optically-pumped
with a linear polarisation. The polarisation was not found to be in the same
direction as the pump. The polarisation is probably set by anisotropy in the laser
cavity, caused by the CQD region itself - the elliptical excitation spot might also

have a role.

4.5.2.3 Spin-polarised excitation

A linear polarisation state was observed from the CQD-VCSEL excited by a lin-
early polarised pump. Next, an additional QWP was inserted into the optical
setup before the VCSEL to measure whether the VCSEL polarisation is depen-
dent on the polarisation state of the pump. The additional QWP allows us to
study of the VCSEL polarisation under excitation by, for example, a circularly

polarised optical pump.

Let’s look closer at the fine structure of the 153/, - 15, band transitions of CQDs
[96]. Figure 4.12b displays the eight excitation sub-states with lifted degeneracies
where EY and E} represent the levels coupling to linearly-polarised radiation
(in the z-axis direction of the crystal), EY and E¥ represent levels coupling to
LCP and EY and F% represent levels coupling to RCP (U is for upper and L for
lower). The dashed levels represent dark states, i.e. forbidden transition states
that do not couple in principle to radiation. |0 >, | > and | |> are labels
for each of the spin states. When the CQDs are excited via LCP the electron
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FIGURE 4.12: a) A two-level degenerate system with the conduction band

splitting magnified. This shows the excited electron relaxing from a circularly

polarised state into a linear polarised state before emission. b) 1S3/, - 15,

structure indicating the exciton pair dependence on polarisation. Eg and Eé

represent the linear polarised levels, Eg and Ef represent LCP levels and Eg

and E}% with RCP. |0 >, | 7> and | |> representative of the different polarisation
outputs.

is excited into a LCP level. The same occurs with RCP excitation exciting the
electron into a RCP level. The emitted photon would also follow this trend; where
LCP absorption results in LCP emission, etc., unless decoherence of the spin
states occurs before photon emission. Polarisation selective absorption however is
dependent on the orientation of the CQDs. In a randomly distributed population
(3D rotationally averaged) of CQDs, it is expected that a linear pump polarisation
can excite all these different sub-levels. But is it possible to still preferentially bias
the CQD population in the | 1> or | |> using circularly-polarised pump in a 3D
distribution of CQDs? Some reports in the literature seems to indicate that no [97],
although the specificity of spin states can still be resolved in randomly oriented
CQD distribution in non-linear optics experiments [97]. It is also known that in
epitaxial VCSELSs even a small difference in the population of spin-states can lead
to a full spin-controlled laser emission, even when pumping out of resonance [98].
While the physics subtleties are relatively complicated, our aim here is simple: to
assess if yes or no a spin-polarised laser emission can be obtained in our CQD-
VCSEL through polarisation-controlled optical pumping. If that was the case, it
could open up the study of CQD-based spin VCSELs. The additional QWP was
also fixed in a rotational mount and was placed after the pump de-magnification

and before the pump focusing lens.

Initially the angle of this QWP was set to zero degrees (along the vertical), exerting

no phase change on the incoming optical pump beam, which therefore remains
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FIGURE 4.13: Normalised CQD intensity versus QWP angle with modelled
intensity calculated from the corresponding Stokes parameters.

linearly horizontally polarised. The data was recorded using the same method and
increments used previously, where the intensity was normalised by the maximum
recorded value of intensity, figure 4.13. The scatter plot, as expected, follows the

same oscillatory periodic function as previously.

Figure 4.13 displays the intensity as a function of QWP rotational angle where
the Stokes vector has been calculated for the data analysis reveals preponderantly
—45Y polarisation. The shift from linear horizontal polarisation to preponderantly
—45% polarisation is likely due to the shift in pump spot location. This would
suggest that the polarisation of the VCSEL is set by the anisotropy of the CQD

film; although this would warrant further studies in order to be 100% sure.

However, as can be seen by the oscillation period, the polarisation is still linear.

The Stokes parameters were calculated as previous and resulted in a Stokes vector,

1.00 1.00
0.17 0.30
S = SELP = . (4.25)
—0.53 —0.95
0.01 0.02

This Stokes vector differs from the previous measurement. There is no longer a
linear horizontal polarisation but the value of S indicates a preponderantly linear

—45°% polarisation. Again this results in the observation of linear behaviour as is
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FIGURE 4.14: Normalised CQD intensity from LCP optical pump source versus
QWP angle with modelled intensity calculated from the corresponding Stokes
parameters.

expected from the previous study, section 4.5.2.2. The fit of this calculated Stokes
parameter was again overlaid and as before fit the raw data well. The DOP is
also calculated, equation 4.24, and for the fit P = 0.56 (again taking into account
the PL contribution as well as pump fluctuations and probably slight multimodal

behaviour causing some data points to spike).

Moving on from here, the new QWP was set to an angle of 315° (—45°) to the
QWP normal resulting in the optical pump beam being left circularly polarised
(LCP). The same experimental procedure was followed as before and the Stokes
parameters, fitted to the data and DOP calculated, figure 4.14. The Stokes vector

is,

1.00 1.00
0.32 0.40

S = Srop = : (4.26)
—0.73 —0.91
0.04 0.05

and the DOP is calculated as P = 0.79 and fitted over the raw data, with 1) = 123°
from the vertical. The same operation was observed as when the additional wave-
plate had no phase change. The oscillation again indicating linear nature with the

polarisation being preponderantly linear —45° as earlier.

The wave-plate was then set to an angle of 45° to the optical axis resulting in

the incoming light being right circularly polarised (RCP). The same experimental
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FIGURE 4.15: Normalised CQD intensity from RCP optical pump source versus
QWP angle with modelled intensity calculated from the corresponding Stokes
parameters at resolution of 0.13 nm.

procedure and calculations were performed where the Stokes vector was found to
be,

1.00 1.00
0.32 0.39

S = Srep = , (4.27)
—0.76 ~0.92
0.00 0.00

with is P = 0.82 with 1 = 124° from the vertical, again representing a prepon-
derantly linear —45°. Figure 4.15 displays the data and Stokes parameter fit.

The data demonstrates that when optically excited with either right or left cir-
cularly polarisation the CQD-VCSEL is still linearly polarised. This indicates
that the pump polarisation does not affect the VCSEL polarisation. The latter
is probably fixed by the cavity anisotropy. It also indicates that no spin states
is favoured upon pumping or that if it is the states decohere (spin flip) rapidly.
We note though that RCP and LCP pumping halved the unpolarised component
compared to the linear pump (see equation 4.23). Spin excitation seems to affect

the PL and this might warrant further investigation.
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4.6 Conclusion

Solution processed alloyed-core/shell CdS,Se;_,/ZnS quantum dots have been ex-
ploited for the fabrication of a yellow-orange VCSEL, at wavelength ranges diffi-
cult to obtain with epitaxial technology. With a large 250 um pump spot, highly
multimodal laser emission was achieved with centre emission at 591.1 nm where
through visually fine tuning displaying thresholds as low as 2.1 m.J/cm?. The
emission displayed spatio-temporal instabilities with the formation of spatially-
localised beam akin to solitons. Single peak emission at 590.6 nm obtained in
certain conditions was observed by reducing the excitation beam to 110 pum in
radius with a threshold of 8.5 m.J/em?. The latter emission was linearly polarised.
A study of polarisation-controlled excitation showed that the pump polarisation
had no effect on the polarisation of the VCSEL emission but might have an effect
on the PL.

Since this work, similar studies on solution processed VCSELs have been very
recently reported on utilising Perovskite CQDs [73], however, the study reported
in this thesis was completed before they were published. The CQD-VCSEL here
was also excited using ns pulses, whereas [73] report on using fs excitation. Patel
et al, also exploit the fs regime, opening CQD reseach into open cavity lasers
utilising CdSe/CdS CQDs [99, 100]. Here they achieved single mode emission and
the ability to fine tune the emission wavelength over a 25nm range by altering
the cavity length. The paper also makes claim that colloidal NPs would improve
performance due to their reduced Auger recombination rates and large emission
cross-sections. However, the work presented in this thesis, to the authors best
knowledge, detailing the polarisation studies of CQD VCSELs, section 4.5, has
not been attempted /reported on by other groups; although similar work has been

studied in single GaN nanowires [101].
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Chapter 5

Organic semiconductor lasers

This chapter reports on studies of two types of organic semiconductor materi-
als for use in solution-processed lasers. The first part of the chapter focuses on
the polymer “Super Yellow”, polyphenylenevinylene (PPV), (SY), usually used in
OLEDs, with the demonstration of DFB lasers in ambient conditions and when
immersed in polar solvents. The motivation behind these experiments was to ex-
plore the possibility for DFB laser biosensing; a priori, SY has some attractive
properties for such application. However, challenges of SY lasers for sensing were
found and highlighted. DFB lasers encapsulated with PVA, spin-on glass and pary-
lene (a bio-compatible barrier polymer) are also demonstrated. The second part of
the chapter deals with newly designed and synthesised oligofluorene based macro-
molecules, Blue 4 and Blue 6. These are light-emitting molecules with sizes similar
to CQDs. ASE with random laser phenomena is shown in thin-films of these new

organic materials. A DFB laser made with Blue / is also demonstrated.

5.1 Introduction

With the previous sections of this thesis concentrating on inorganic semiconduct-
ing nanocrystals, this part delves into the exploration of nanostructured organic
semiconductors (OSs) for laser applications. OSs are also solution based process-
able [1-5], allow mechanically-flexible formats of devices [6, 7] and have application
in biochemical analysis [8, 9]. Regrettably, OSs are prone to degradation effects

[3], in particularly thermal and photodegradation, which can limit their use in
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some applications [10-20]. These issues can be mitigated by for example increas-
ing the thermal conductivity of the device structure as well as by using optical
pumping at low repetition rates [21]. Oxidisation of the OS gain material causing
breakdown or changes of the conjugated bonds [20, 22, 23] is often the main mech-
anism of photodegradation. Encapsulation of the OS is the solution to alleviate
this problem [13, 23-25]. Encapsulation protects the OS from the environment of
operation and can extend the operational lifetime of the device. Encapsulation is
often done by over-coating the OS with another material that acts as a barrier.

An alternative is to create nanocomposites by blending the OS in a host matrix.

In the first part of this chapter, the copolymer Super Yellow (SY) is investigated as
a potential gain material for laser-based refractive index biosensor [26]. Here, films
made of nanocomposites of SY are shown to produce ASE, a precursor of laser
emission. Laser emission is demonstrated in neat SY films formed on a distributed
feedback grating. The devices were then submerged in glycerol solutions of varying
refractive indices studying shifts in the emission wavelength - this is a first step
to assess the suitability of SY for laser-based refractive index sensing. Finally, the
laser devices were encapsulated with either a PVA, SoG and parylene layer (see

section 2.3.4) to observe if an increase in operational performance occurred.

The second part of the chapter explores new OS materials, so-called Blue 4 and
Blue 6 macromolecules. These are molecules of similar sizes to CQDs based on
oligofluorenes as the active units. Their synthesis was done by the Department of
Chemistry at the University of Strathclyde. The m-conjugated oligofluorene are
attached to an adamantine core that is rigid. Compared to the star-shape oligofluo-
rene truxene macromolecules [6, 23, 27], the chain attachments are no longer planar
but adopt a tetrahedral geometry with an overall star shaped molecule containing
triarylamine functionality at the end of the arms. These materials were tested as
visible laser materials. They produced random lasing when in neat thin film spun
cast onto a planar glass substrate and also single transverse mode laser emission
when incorporated with a DFB cavity. The initial measurements of the Blue 4
and Blue 6 materials seem to have great potential to incorporate into refractive
index sensing as they produce low operational thresholds in thin-films allowing for

surface functionalisation.
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FIGURE 5.1: Molecular structure of Super Yellow [29].

5.2 Super Yellow

The copolymer polyphenylenevinylene (PPV) derivative aka SY was investigated.
This is a PPV derivative that has high PL efficiency (PLQY). SY is also known for
its charge transporting properties [1] and long operational lifetime under electrical
pumping [28]. The molecular structure of SY is shown in figure 5.1 [29]. SY
luminesces under electronic pumping (producing electroluminescence) as well as
under optical pumping (PL). Optical (fs) pulse pumping has been employed for
laser operation [32]. SY has been researched for innovative lighting technologies
and has successfully been employed in organic light emitting diodes (OLEDs, also
known as light emitting polymer diodes (PLEDs)) [1, 2, 5, 28-30, 33-36], ultra-thin
LEDs [30], organic field-effect transistors (OTFTs) [8], light emitting field effect
transistors (LEFETSs) [31, 32, 35] and light emitting electrochemical cells [28]. It
has been utilised as part of an optical concentrator for visible light communications
[37, 38] and as the gain layer of a DFB laser [32]. Our motivation here, which
sets our study apart, is to demonstrate laser fabrication and demonstration in a
completely ambient environment and to assess if the resulting lasers are potentially

suitable for biomolecular detection based on refractive index sensing.

SY has been reported to produce high quality thin films with higher PLQY than
other PPV derivatives [28, 30]. SY lasers were reported with low values of threshold
energy [32]. In addition, SY has a relatively high refractive index (n~1.86 at 570
nm) that, in principle, can lead to a higher sensitivity for a DFB laser implemented
as an evanescent sensor to detect changes in the refractive index at the laser
surface. In such a DFB laser biosensor, the device surface is functionalised in order

to capture specific analytes in a given environment (see figure 5.2). If analytes
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are captured the effective refractive index is altered, resulting in a shift in the
emission wavelength (from the Bragg equation, equation 2.8). It has been shown
in [39, 40] that a gain layer with a high refractive index was desirable for the
sensitivity. SY with its combination of high PLQY, low reported laser threshold
and high refractive index (for an OS) is therefore a priori attractive for DFB laser

biosensing.

There are challenges ahead however. The majority of reports of SY devices in the
literature are for operation in an oxygen deprived environment - by placing the de-
vice inside a vacuum chamber or in a nitrogen atmosphere for example. There are
accounts of operation in ambient conditions, however, some where the SY film is
itself encapsulated before oxygen contact and others where only the PL capability
was used [42, 43]. In addition, examples of optical excitation have utilised ultra-
fast pumping in the fs and ps regimes [32, 44]. These result in having bulky pump
sources that are not suited for applications. Herein, while initial assessments for
sensing were conducted on neat SY lasers, three different encapsulating materials

were then tested on the lasers: PVA, spin-on-glass and parylene.

5.2.1 Design and fabrication of devices

SY (from Merck) was initially in powder. The molecular weight is 1939000 g/mol.

It was then diluted in chloroform or dichloromethane (DCM) solvents.

For the detection of ASE the SY was dispersed in chloroform and mixed with Poly
(methyl methacrylate) (PMMA) at 1.6:1 ratio by weight also to a concentration of
20 mg.mL~! creating a blend. This was done initially to facilitate the fabrication
of smooth films to sustain ASE. The solution was then spun cast at 8krpm onto a
glass substrate (20 x 20 mm) and the spectra detected at the edge, section 2.4.1;
this is the same procedure as in Chapter 3. We used this approach to “debug” the

process and inform us if we could get ASE with our apparatus.

Neat films of SY were then deposited onto a DFB cavity formed from the optical
adhesive Norland 65 (NOA 65) that has a refractive index of approximately 1.52.
The grating structure was created utilising soft-lithography through the same pro-
cedure described in section 2.3.1. Before deposition, the SY was placed into a
glass cuvette, weighed and diluted at a concentration of 7 mg.mL~! in chloroform.

The cuvette was then placed on a magnetic stirrer until all SY was diluted. Once
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FIGURE 5.2: a) Schematic depicting the implementation of an OS laser sen-

sor; the laser surface is functionalised to capture specific analytes, and b) laser

mode intensity overlap of the multi-region laser structure, from [41], where the
evanescent part of the laser mode interacts with analytes on the surface.
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diluted the SY undergoes gelation under transport, a sign that SY contains high
chain regularity. This is where the solution undergoes a change in viscosity and
loses fluidity. Once the grating was finished, the SY was spun cast onto the DFB
surface over at a range of spin speeds ranging from 2-8krpm. DCM, a lower boiling
point solvent, was also employed during this investigation to examine the effects
of SY with increasing film thickness. SY/DCM films were made both by drop
coating and by rolling the SY onto to DFB grating [45] to increase uniformity
and surface coverage over the grating as the SY/DCM did not disperse over the

grating easily. SY /chloroform films were made by spin coating.

The SY DFB laser samples were tested initially in air. Following this, operation
when submerged in deionised (DI) water, and eventually in glycerol solutions,
was tested while monitoring the emission wavelength. This was done to give an
indication on the capability of the devices to operate in a polar liquid and to detect
changes in the bulk refractive index of such an environment - a first step towards

biosensing.

Glycerol was purchased from Sigma Aldrich diluted at 99% in DI water. This
was diluted down to concentrations of 5%, 10%, 15%, 20%, 30%, 40%, 50% and
60% in DI water (refractive indices ranging from 1.35 (5%) to 1.43 (60%)). Doing
so enables the obtention of glycerol solutions with a refractive index proportional
to the glycerol concentration. Immersing the laser in such solutions alters the
effective refractive index, which should in turn shift the wavelength emission, as

described by equation 2.8.

For immersion in different liquids, the SY lasers were secured onto an inner face of
a cuboid quartz cuvette. A laser was attached with a transparent optical adhesive
(Kapton tape, 100um) with the cuvette and the laser acetate substrate being in
contact. This allowed the SY surface to be exposed to the liquid environment,
either DI water or glycerol solution. The laser was optically excited through the
back at an angle of approximately 10° to the normal. The laser emission was
collected from the back, figure 5.3.

Encapsulation of SY lasers with PVA (section 2.3.4), spin-on-glass and parylene
was also explored. The PVA was dispersed at 50 mg.mL~! in DI water and spin
coated at 3.2krpm on the SY laser surface of the sample to give a 180 nm PVA
film. The device was then annealed at 30°C for 72 hours. Spin-on Glass (SoG,

from Desert Silicon) is based on titanate that has high dielectric constant, strength
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FIGURE 5.3: Optical setup for varying effective refractive index of SY/DFB
lasers.

and high refractive index (n = 2.1). It was spun cast at 3.5krpm resulting in a
200 nm encapsulating film. This was then annealed for 72 hours at 30°C. Higher
temperature was not used to preserve the SY. The final encapsulant explored was
parylene, which is a biologically compatible polymer. Parylene is deposited under
vacuum at the molecular level where films are essentially grown layer by layer
by a monomer gas. These methods created bi-layered wave guiding structures
potentially improving confinement of the laser mode in addition to the reduction

of surface scattering losses and acting as an oxygen barrier.

5.2.2 Measurements
5.2.2.1 PL

Figure 5.4a shows the emission spectra acquired through edge detection of a film of
SY. This can be compared to the (normalised) absorption and electroluminescence
spectra from Merck in figure 5.4b. Merck prepared the SY in toluene at 5 mg.mL ™!
where it was spun cast onto an OLED device in a nitrogen atmosphere. It can be
seen that both of the intrinsic PL profiles have a similar shape with 2 peaks at
approximately 570 nm and 600 nm. In figure 5.4a the SY diluted to 6mg.mL™!
in toluene and was spun cast at lkrpm for 60 seconds. The first peak occurs
at 582.0nm and the second, lower intensity peak occurs at 638.7 nm, a 56.7 nm
separation. Both peaks being more prominent than in figure 5.4b. This shift has
been seen to depend on the concentration of SY and has also been attributed to

electron-vibrational mode interaction that varies with temperatures [44]. It can
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FIGURE 5.4: a) Photoluminescence spectra of Super Yellow film spun cast
on planar glass substrate diluted at 6 mg.mL~! in toluene b) absorption and
electroluminescence spectra from Merck data sheet.

also be seen that there is a relatively large Stokes shift with the absorption and

emission only just overlying creating a promising condition for lasing.

5.2.2.2 ASE and laser characterisations

The SY film (ASE) and the initial DFB lasers in air were optically pumped with
a stripe and characterised as discussed in section 2.4. This was done with SY
dispersed in both solvents (initally with chloroform and then DCM). The pump
geometry was then altered to be a spot (as to mimic the refractive index sensing
setup employed within the group [26]). Encapsulation of the devices was then
explored to investigate if an improvement in operational lifetime and threshold is

observed.

For the further laser tests under immersion in liquids of different refractive indices,
the device was excited with a spot through the back (substrate) as shown in figure
5.3. The emission was detected as well through the back. A measurement of the
emission spectrum (at a pump level of 100 p.J) in air was first taken for reference.
DI water was then added and the spectrum recorded again. After the DI water
the laser was submerged in glycerol starting at 5% working up to 60%. Between
every glycerol increment the SY/DFB was rinsed with fresh DI water before the
next concentration was added. The pump spot and energy remained the same
throughout. In addition to these measurements the emission in air was taken

between each stage of the DI water rinse to observe any change in the emission.
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5.2.3 Results
5.2.3.1 ASE

As mentioned earlier, the next characteristic of a material to explore in the quest
for laser operation is to characterise ASE (if there is an occurrence). The detection
of ASE signifies the materials potential use as a gain medium for lasers. Figure 5.5a
shows the emission spectra of the SY (diluted at 20mg.mL~! in a PMMA matrix
(1.6:1 chloroform) spun cast at 8krpm for 60 seconds) in thin film format. The
spectra can be seen to narrow for increasing energy, transitioning from pure PL at
low pump energies to ASE above a threshold energy has been passed, section 1.3.5.
Figure 5.5a shows the ASE developing at 583.7nm, and is located approximately
centrally between the PL peaks (557.8 and 608.4nm), with a FWHM of 9 nm.

Figure 5.5b is the corresponding energy transfer function giving the ASE thresh-
old energy of approximately 22 p.J (corresponding to an energy per pulse of
440nJ /pulse where [32] reported ASE occurring at 315nJ/pulse in a SY/PVA /quartz
sample under 100fs pulses and a stripe width of 2.5 mm by ~ 350 um). SY displays
high threshold energy when compared with other organic semiconductors such as
BBEPH-PPV typically threshold energies around 0.4 p.J.

5.2.3.2 DFB operation

After the demonstration of ASE in thin films the next stage is to develop an
operational laser. SY lasers made from SY in DCM (boiling point 39°C) and
chloroform (boiling point 61°C) were made and compared. Lasers made from SY
in DCM are discussed first.

When the SY/DCM DFB lasers were fabricated by drop-coating, the output of
the devices produced relatively weak multimodal emission, which is attributed to
non-uniformity in the film. Spin casting the solution proved difficult due to the
viscosity of the material as it did not cover enough of the grating structure. It
appeared as a faint “yellow” mark where the solution had been deposited and the
rest spun off. Therefore, we had to use a rolling coating method discussed in [45].
The SY DCM mixture was deposited onto the grating surface and a glass pipette

was then rolled over the surface to improve the film quality and surface coverage.
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FIGURE 5.5: a) ASE spectra for nanosecond pumped nanocomposite SY film

(20mg.mL~! in PMMA chloroform matrix) spun cast onto planar glass substrate

excited at pump energies ranging 1 pJ to 70 pJ, b) corresponding transfer
function of ASE with threshold energy of 22 u.J.
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Figure 5.6a shows the evolution of the spectrum with the fluence and the corre-
sponding transfer function of such a laser. Figure 5.6b is the transfer function.
The threshold energy is at approximately 0.52 p.J. The threshold is lower here be-
cause the SY is in neat form and there is a DFB cavity. From the spectra it is clear
that the laser is operating multi-mode with competition of modes occurring. The
main peak wavelength is at 584.5 nm for a FWHM of 0.80 nm (a secondary peak
at 585.1nm has a FWHM of 0.43 nm). When compared to the SY in chloroform
spun cast at 2krpm this is an 8.3nm blue shift attributed to the inhomogeneous
SY film (discussed next).

The SY in chloroform lasers were fabricated by spin casting at different spin speeds
(2-7 krpm). The emission spectra (with the transfer function in inset) for each spin
rate can be seen in figure 5.7. The corresponding emission wavelengths, FWHM
and threshold energies are displayed in table 5.1. The value for the wavelength
at peak emission remains somewhat constant as the spin rate increases. This
indicates that there is no significant change in the average film thicknesses over
the excitation stripe with spin-coating speed (it does not mean the film is flat
or homogenous). Typically the thickness should decrease with the spin speed,
at least up to a point. It should also be noted we found the SY is a difficult
material to work with and this could contribute to the non-uniformity in the film
as AFM measurements seem to indicate (figure 5.8). Little to no variance in the
film thickness with the spin speed was found (data not presented here). With the
addition of working with a viscous solution, the SY deposition over the grating
structure might not be ideal. The solution remains gel-like and with the use of
chloroform (having a low boiling point) it is possible that the solvent evaporates
upon deposition. This would leave a non-uniform film where the excess/“dilute”
material is spun off. The lasers’ linewidth also remains roughly consistent with the
average being 2.3 nm limited here by the resolution (2.5 nm). Due to the stripe
length and non-uniformity in the SY film, stripe excitation is not ideal. Reducing
the stripe to a spot allows for a more precise location on the SY film to be excited
(as well as mimicking the biosensing setup in our group). SY/chloroform films

also permits an “easier” fabrication process by spin coating.

To mitigate the effect of non-uniformity in the film, the excitation was changed
from a stripe to a spot (approximate radius of 130 um) - the device being excited
in the centre of the sample. Using a spot over a stripe is also beneficial for other

reasons. A narrower spot can reduce the number of oscillating modes, narrowing
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displayed in table 5.1.
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TABLE 5.1: Optical parameters is SY/DFB laser when excited by a stripe.
Error in the wavelength is £ half of the resolution (1.3nm).

Spin rate (krpm) WavglrsriZifrznm) Thresh(o/iid])Energy FWHM (nm)
2 592.9 6.2 + 0.6 2.1
3 590.1 5.2 £ 0.6 2.1
4 586.0 1.6 £0.2 2.3
5 5989.5 43 £04 2.2
6 284.9 0.8 £0.1 3.1
7 o87.8 1.8 £0.3 1.9

*- ¢ o ¢
1.75 pm 1.75 pm

FIGURE 5.8: a) AFM image of SY thin film diluted at 5mg.mL~! in toluene
spun cast at 4krpm. Indentation (scratch) is from measuring film thickness. b)
3D representation of a.

the linewidth. In saying this, here a one-dimensional grating is used, so a fine
stripe oriented perpendicular to the grating structure could give the same result,
if the film was smooth enough. One issue with pumping with a spot, in the one-
dimensional grating case, is that it can cause the threshold energy to increase if

the excitation area is significantly decreased, due to the decrease in the feedback.

Figure 5.9 shows the emission spectra for the SY/DFB laser spun cast at 7Tkrpm
excited with the pump laser focused to a spot - the transfer function is given in
inset. Devices prepared with spin speeds of Skrpm, 6krpm and 8krpm were also
tested. Main results are displayed in table 5.2. Here it can be seen that the
emission wavelength follows the expected trend of blue shifting with increasing
spin speed (decreasing thickness, hence decreasing n.ss). The increasing spin

speed also leads to an increase in the threshold energy. The peak wavelengths,
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FIGURE 5.9: SY/DFB laser with film spun cast at 7Tkrpm optically excited over
a range of 0.1uJ to 14uJ via spot pump geometry, inset: corresponding transfer
function.

TABLE 5.2: Optical parameters of SY/DFB laser when excited by a spot. Error
in the wavelength is + half of the resolution (1.3nm).

. Emission Wavelength | Threshold Energy
Spin rate (krpm) (nm) (1) FWHM (nm)
5 580.3 0.5 + 0.04 1.6
6 578.0 1.2 £ 0.05 2.0
7 570.5 5.0+ 0.3 1.4
8 571.1 34 4+0.2 1.6

threshold energies and linewidths can be found in table 5.2. There is no significant
difference between the 7krpm and the 8krpm samples meaning the film thickness
of the 7 and 8krpm samples is approximately equal. It can also be seen that the
FWHM remains roughly constant giving average linewidth limited again by the

resolution.

The SY/DFB lasers were then measured immersed in DI water. There is a red
shift caused by the increase effective refractive index change when water is added

that can be seen in figure 5.10.

The inserts show that the threshold energies increase as the spin rate is increased.
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TABLE 5.3: Optical parameters of SY/DFB laser submerged in DI water noting
the change in emission wavelength. Error in the wavelength is + half of the
resolution (1.3nm).

Spin rate Emission Threshold | FWHM | A\
(krpm) | Wavelength (nm) | Energy (uJ) | (nm) | (nm)
5 583.2 0.73 £ 0.4 1.6 2.9

6 581.4 21 £0.2 2.1 3.5

8 572.2 3.5 £ 0.5 2.9 1.2

Again this shows that alteration of the effective refractive index alters the threshold
energy, however, not as significant as before. When applying the methods in
section 2.5 the laser mode propagates within the DI water, barely entering the SY
film (taking ng,0 = 1.33 and ngy = 1.86 at 570 nm). The emission wavelengths,
threshold energies and peak shift (A)X) can be seen in table 5.3 (note Tkrpm was

not measured as spectra was undetectable).

Note that for all the laser measurements reported here, the spectrum blue shifts
as the pump energy increases. In CQDs this was attributed to the saturation of

absorption, section 4.4.3, and the effect is similar here.

5.2.3.3 Glycerol measurements

Building on the emission shift observed when the SY/DFB laser was submerged in
DI water a range of effective refractive index was examined in order to validate SY
as a material for refractive index sensing. Here the spectral resolution was 0.13 nm.
The device was secured inside the same quartz cuvette as before and the spectrum
was recorded observing if any shift due to the addition of liquid in the cuvette. The
concentrations of glycerol-in-DI-water solutions used in the measurements were 5,
10, 15, 20, 30, 40, 50 and 60%. Once one concentration had been measured the
glycerol was removed from the cuvette and the SY/DFB rinsed with DI water
to ensure that it was completely removed. The DI water was then removed, the
spectra in air measured again and the next glycerol concentration added. The
SY/DFB laser was pumped with the same energy and location throughout these

measurements.

Figure 5.11 displays the data recorded for the glycerol measurements. Looking at
figure 5.11 it can be seen that there is a noticeable red shift from the SY/DFB

laser emitting in air. The measurements in glycerol undergo the same shift but
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FIGURE 5.11: SY/DFB emission where the laser mode wavelength is repre-
sented versus effective refractive index. The error bars represent the wavelength
range incorporating the multimodal nature when present.

with increasing concentrations remain relatively constant. Figure 5.11 displays the
data in a scatter plot for ease of sight. These peak values can be seen in table 5.4.
Note, the reason there are a hot and cold 60% as curiosity arose to whether there
was a shift change observable with temperature. This shows that SY refractive

index does have a correlation with temperature [46].

Unfortunately, the glycerol measurements show that SY is not an ideal as a gain
material in refractive index sensing devices. Under a varying refractive index the
emission wavelength remains approximately constant where ideally a shift would
be observed between increasing glycerol concentration. The shift between air and
water is also less than that has been reported for Truxene [26]. We attribute these
results to the difficulty in making high quality films. The property of SY might
also suffer for immersion in polar solvent. Degradation of the laser performance
over time is also a problem. Stability issues, operational lifetime, are addressed

where device encapsulation has been used to reduce this issue [23, 47, 48].
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TABLE 5.4: Optical parameters of SY/DFB laser when submerged in different
concentrations of glycerol. Error in the wavelength is + half of the resolution.

Medium Peal \E\Iflagfslength FWHM (nm) | A\ from air (nm)
Air 585.8 0.4 0

DI water 588.2 0.2 2.6
5% 088.3 0.3 2.4
10% 088.3 0.4 2.4
15% 088.3 0.2 24
20% 288.1 0.5 2.2
30% 088.2 0.3 24
40% 588.1 0.3 2.2
50% 588.5 0.2 2.7

60% cold 088.2 0.3 2.3

60% warm 585.9 0.3 0.1

5.2.3.4 Encapsulation of laser devices

With our SY lasers having a low operational lifetime (low photostability) steps
were taken in an attempt to improve on it. As seen in Chapter 3, section 3.4.2,
encapsulating the device is beneficial to operation and lifetime. To re-emphasise
on what was previously discussed the encapsulant behaves as an oxygen barrier
and aids in the confinement of the laser mode. Until now, to the best of the authors
knowledge, experiments with SY has been carried out by avoiding exposure to the

ambient environment, in one way or another [42, 43].

Figure 5.12a displays the spectrum and corresponding transfer function for a neat
SY/DFB laser, in ambient conditions. Note as SY is not a stable material in
oxygen and devices see variance of emission quality. The non-encapsulated device
spectra appear “untidy” (measured using the spectrometer at resolution 0.13 nm).
The maximum value of intensity occurs at 579.5 nm. Taking this as the central

position the transfer function, inset, results in a threshold energy of 0.68 pu.J.

The device was then encapsulated with PVA, as done in section 3.4.2, which
was again chosen to have a film thickness of 180 nm. Figure 5.12b shows the
encapsulant layer reduces the multimodal nature of the device. Whereas with
the CQDs, section 3.2.2, the addition of the PVA layer reduced the value for
lasing threshold, here the opposite is true. The threshold energy is a similar value
of 1.1 uJ. Here, although the laser mode is symmetrised more with the PVA

layer, the reduction in the number of modes shows a lower scattering, probably
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FIGURE 5.12: SY/DFB laser excited over an energy range 0.01uJ to 1.2uJ

where a) is the raw emission spectra and b) is the spectra after encapsulation

with 180nm thick PVA. Insets display the corresponding transfer functions. c)

and d) are models of the mode confinement of the devices discussed in section
2.5.1.

at the film interfaces. While figure 5.12d displays greater modal confinement, the
model does not take into account the grating structure. The addition of the PVA
decreases the field interaction with the substrate where the grating actually is.
This can reduce the cavity feedback leading to an increase in threshold. However,
now a distinct kick can be observed in the transfer function, inset figure 5.12b,
when lasing is achieved suggesting that it increases confinement within the guiding
structure. This seems legitimate as the spectra characteristics reduce to a more
prominent emission. Occurring at 587.6nm, the emission is red shifted by 8.1nm
compared to the non-encapsulated device. This is due to the increase in the modal
effective refractive index as discussed in the next paragraph. It is expected that
PVA encapsulation should improve the photosatbility. However, due to the rate
at which of device death a photodegradation study could not be completed.

The modal confinement for each of these structures was modelled. Figures 5.12¢
shows the mode profile for the SY thin film without encapsulation. Here the

refractive index of SY is taken to be 1.86 [34] resulting in an effective refractive



Chapter 5. Organic semiconductor lasers 195

index of 1.53. The mode is not centred in the SY film and there is a large overlap
with the NOA 65. There is also an overlap with air and SY. Here, the SY film
thickness is taken to be 100 um. SY produces very thin films and a uniform layer
at larger thickness would prove difficult in neat films (SY films were measured by
AFM measurements who found that there was not much variance in film thickness
over varying spin rates and other groups have reported SY diluted in toluene spun
at 1.5 krpm produces a 50nm film [28]). With the addition of the PVA layer, figure
5.12d, the modal confinement increases in comparison and is centred within the
gain layer (the overlap increases from 35% to 41% with increased coverage of the
laser mode in the SY film). In addition to this the encapsulation results in the red
shifted spectra. This is due to a higher effective refractive index, approximately
1.59, that using equation 2.9 the Bragg condition occurs at longer wavelengths.
Again, if the SY film could be increased in thickness would increase the devices

performance.

SoG was also utilised when testing encapsulation effects. As opposed to PVA,
it would allow for encapsulated materials to be operated in aqueous solutions -
PVA is soluble in water. Containing inorganic constituent, it should also help
in heat dissipation. The material itself is spin on titanate and is an interlayer
dielectric film that gives uniform coatings. It has a high refractive index of 1.45
and is a transparent coating. Spinning at 3.5krpm will give a 200nm film (from
http://www.desertsilicon.com/). Figure 5.13 displays the model confinement of a
SoG encapsulated device using the same parameters as previously. Again, once
encapsulated, the devices show a strong confinement with the mode being localised
within the gain material. As before, when the thickness of the SY layer is increased
the strength of the mode increases. The procedure is to then anneal for 5 minutes
at 200°C. Typical organic semiconductors cannot tolerate high temperatures and
anywhere near this temperature would destroy them. SY has had a number of

high temperature investigations of temperature up to 80°C [49].

In our investigation the SoG was annealed as PVA, at 30°C for 72 hours, as pre-
vious success has been shown with m-conjugated poly[2, 5 - bis(2’,5 - bis(2” -
ethylhexyloxy) phenyl) - p - phenylene vinylene] (BBEHP-PPV). However, this
is not the case with the SY. So far the effects have been detrimental to the op-
erational lifetime killing the laser emission before the spectra can be recorded;

no laser operation was obseved. Once the process is revisited and the annealing
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FIGURE 5.13: Model of the modal confinement if SoG if successfully utilised in
the lab.

temperature increased, SoG may be prove advantageous as has been shown the

quantum dots where it was annealed at 100°C [50].

Parylene is used in many medical equipment, for example in prosthesiss, making
it ideal for the final encapsulation test. There are three different types of parylene
where parylene C was applied (n ~ 1.64). Parylene C is an ideal material to use
for bio-sensing application as it is known to be biologically accepted [51-54]. It
is a good moisture barrier utilised in printed circuit boards and has been used in

other medical devices such as pacemakers and prosthetic limbs.

The spectra of a non-encapsulated SY laser (to be coated with parylene) were
recorded over a range of pump energies and can be seen in figure 5.14a. The
emission is multimodal centred at 578.0nm with the peak value having a FWHM
of 0.67 nm. The corresponding transfer function is shown in the figures inset where
threshold is achieved at approximately 1.9 pJ. Parylene is deposited at room
temperature onto the laser using a specialised vacuum deposition tool (section
5.2.1). The typical film thickness deposited with this tool is 3000 nm.

Figure 5.14b displays the device’s spectra after it has been successfully encapsu-

lated with parylene. Straight away it can be seen that the laser emission is more
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defined and centred at 585.5 nm. This is a 7.5nm red shift when compared to
the neat device. The transfer function also displays a slightly lower threshold of
approximately 1.75 pJ. An argument could be made that the multimodal nature
of the neat sample makes its threshold higher due to the competition of modes.
Within the resolution of the measurement, it can be said that the spectral FWHM
does not change. The intensity of emission was not high enough to observe the

spectra at a higher resolution.

The encapsulation methods employed in this chapter have shown to directly affect
the laser oscillation in SY/DFB devices. A 180nm PVA layer symmetrises the
laser mode creating a larger overlap and reducing the number of modes. Due to a
reduction in scattering at the material interfaces. A SoG layer, at first instance,
is detrimental to SY DFB devices, killing laser oscillation. However, additional
studies are needed to validate this statement. When a SY/DFB device is encap-
sulated with parylene C the threshold is seen to reduce creating a smoother lasing

spectra.

5.3 Blue 4 and 6

Blue 4 and Blue 6 materials were fabricated in the Pure and Applied Chemistry
group at the University of Strathclyde. The materials are based on oligofluorenes
and were initially designed to be used in OLEDs. Blue 4 absorbs at 367nm and
emits at 443 nm, Blue 6 absorbs at 356nm and emits at both 399 nm and 420
nm. The corresponding spectra can be seen in figure 5.15 that also depicts the
molecular structures for each material. In powder form Blue 4 has a photolumi-
nescent quantum yield (PLQY) of 33% and Blue 6 of 17%. The following sections
will describe the optical characterisation of the materials demonstrating their laser

capabilities.

5.3.1 Preparation

Both Blue 4 and Blue 6 samples (thin films) were prepared in the same manner.
The molecules, initially in powder form, were diluted in toluene at the following
concentrations: 10 mg.mL™! and 20 mg.mL~! for Blue 4 and 20 mg.mL ™! for Blue

6. The solutions were spun cast at different spin rates onto planar glass substrates,
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FIGURE 5.15: a) The molecular structure for Blue 4, b) the molecular structure
of Blue 6, ¢) the absorption and emission profiles of Blue 4 and d) absorption
and emission profiles of Blue 6.

n~1.46, to create thin films of different density and/or thicknesses. The edge
emission for the same optical excitation conditions (see optical characterisation

below) was studied for all samples.

For DFB lasers, thin-films were formed onto 276 nm periodic grating structures,

using the same procedure as above (see also Chapter 2).

5.3.2 Optical characterisation of Blue 4 and Blue 6

For characterising the Blue 4 and Blue 6 thin films the same Nd: YAG solid state
laser was used as the optical pump source, section 2.4. The thin films were tested
in a variable stripe setup where the beam size is controlled by an adjusting slit
set for most of the measurements to a fixed size of 0.15cm x 0.0lcm. For the

measurement of the gain of the 4krpm Blue 4 film the stripe length was varied.

For characterisation of the DFB laser structures a larger pump stripe (both in
length and width) where the stripe was created using a lem by lem cylindrical

lens focused (~0.74 cm by ~0.1 cm) onto the polymers surface.
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TABLE 5.5: Blue 4 diluted at 10 mg.mL ™! in toluene thin film spin rates, peak
wavelength and threshold fluences.

Spin rate (krpm) | A\pain (nm) | F (uJ/cm?)
1 440.3 290
2 433.9 2150
3 439.2 20680

5.4 Results

5.4.1 Blue 4
5.4.1.1 ASE and random lasing in thin films

The main ASE characteristics (peak wavelength and the fluence for ASE threshold)
of the Blue 4 films made from an initial solution concentration of 10 mg.mL~! in
toluene can be seen in table 5.5. The samples are identified by the spinning speed
utilised for their fabrication (1, 2 and 3 krpm). The peak wavelengths of the edge

emission indicated correspond to the point of maximum intensity.

The spectra of the 2krpm sample for different pump excitation level can be seen
in figure 5.16a. Above a certain excitation level, a dominant spectral peak occurs
at 433.9 nm with a FWHM of 0.3 nm. The evolution with the pump fluence of the
intensity of this peak, integrated over the region 433.5nm to 433.9 nm, is plotted
in figure 5.16b. It displays a characteristic threshold at ~ 2150 uJ/cm? above
which the intensity initially increases exponentially before saturating for pump
fluence above ~ 4500 uJ/cm?. Tt is above the ASE threshold that narrowing of
the spectrum with a dominant narrow peak appears. This state is attributed to the
phenomenon of “random lasing” that is triggered by ASE in a scattering medium.
ASE is characterised by a threshold-like function in the edge intensity accompanied
by a narrowing of the emission spectrum as seen here, but the spectral narrowing
is usually not as pronounced. A typical ASE spectrum has a FWHM around
5 to 20 nm (depending on material and pumping conditions), section 1.3.5. If
significant scattering is present however, narrower spectral peaks can appear and
are identified as “random lasing” modes (see Chapter 2). The wavelength of the
dominant mode remains constant when the fluence is increased. However, at higher
fluence, additional random lasing peaks appear across the range 430 nm to 438

nm. The spectrum is different when pumping a different spot on the sample (i.e.
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TABLE 5.6: Blue 4 diluted at 20 mg.mL ™! in toluene thin film spin rates, peak
wavelength and threshold fluences.

Spin rate (krpm) Amain (D) F (uJ/cm?)
2 445.9 122
4 443.0 174
) 442.1 189
6 443.7 189
8 437 (/445 after annealing) | 470 (/149 after annealing)

the random lasing modes are at different wavelengths, although the ASE is in the

same wavelength range) but the overall behaviour remains the same.

The red line in figure 5.16b, is a guide to the eye. There is ASE saturation for
pump above ~4500 p.J/em?. This intensity saturation behaviour is attributed to
depletion of the material gain. At higher pump energies a shoulder also appears
at around 440nm, centred at 442.8 nm. This could be the result of excitation of

another vibronic energy level being obtained and can be seen in other samples.

The 1krpm sample has a similar behaviour but has an ASE /random lasing thresh-
old that is lower. The ASE develops between 437nm and 443nm, i.e. slightly
red-shifted compared to the 2krpm, figure 5.17. The lower threshold and red-shift
are attributed to a thicker film. The 3 krpm on the other hand barely reaches the
ASE regime - the estimated threshold being above 20 m.J/cm?. The film is prob-

ably below, or very close to, the cut-off thickness and no efficient guiding occurs.

The second concentration of Blue 4 studied was 20 mg.mL~! in toluene and the

main ASE/RL characteristics of the samples are given in table 5.6.

The spectra and integrated intensity as a function of pump energy of the 8krpm
sample can be seen in figure 5.18. We note that the ASE develops at a similar
wavelength than the lkrpm - 10mg.mL~! sample while the threshold is slightly
lower (~470 p.J/cm?). From the spectra in figure 5.18, it can be seen that there are
2 main random laser peaks. The initial peak occurs 436.8nm and has a FWHM of
1.2 nm. This is the dominant mode, having the highest spectral intensity reading,
until an excitation energy fluence of ~4500 p.J/cm?. After this the 438.4nm mode
with FWHM 0.8nm, becomes dominant. Other modes can be seen to appear as
well and competition is inevitable. There is gain saturation for fluence above 4000

pd em?.
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Overall, the trend is for the ASE threshold to increase with spin-rate, which is
consistent with a thinner film (a thinner film translating into a lower overlap
between the guided modes and the material, hence a lower modal gain). With the
exception of the 8krpm sample, all samples made from 20 mg.mL~! solution have
the ASE developing between 442 nm and 446 nm (second vibronic transition), i.e.
red-shifted when compared to the 10 mg.mL~! samples. Again, this is consistent
with a stronger interaction of the guided modes with the Blue 4 material. This is

due the increase in concentration giving a thicker film.

For indication the modal gain of the 4krpm sample was measured using the variable
stripe length approach. The gain was calculated to be 20.6 & 0.4 cm ™!, at approx-
imately 0.18 pJ (~ 66 pJ/cm?), similar to what is expected when compared with
oligofluorene truxene [27, 55]. This would vary under different conditions, such as
a higher pump energy. Here, the intensity was recorded at a specific excitation
stripe length. The stripe was then expanded and again the intensity recorded.
This was done for a number of increments until the slit, used to control stripe
length, was fully open. The recorded intensity was then plotted as a function of

strip length, figure 5.19 [56-58]. The gain is calculated on Origin by fitting,

e — 1

y=A (5.1)

Here the 2krpm saturates at ~ 612 pJ/cm?, 4 and 5 krpm sample does not reach
saturation, the 6krpm sample reaches saturation at ~ 945 p.J/em?, and the 8krpm

2. There is also a trend in the evolution of the pump

sample at ~ 4680 pJ/cm
level for the onset of ASE saturation. Saturation happens at lower pump fluence
for lower spin speeds. Because saturation is caused by depletion of the gain (pop-
ulation inversion) of the material by strongly amplified modes, this will occur at

higher pumping level for thinner films.

5.4.1.2 Solvent annealing

The 8krpm sample was then left in a toluene atmosphere for 1 week to observe
if any possible alterations of the arrangement of the molecules within the film
could be inferred from the edge emission measurements. Figure 5.20a displays the

evolution of the spectra of this sample. It is clear that there is now a periodic
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FIGURE 5.19: Variable stripe length (VSL) gain measurement on 4krpm thin
film of Blue 4 optically excited at 17 p.J giving a gain coefficient of 20 cm™!.

modulation of the ASE spectrum, akin to a Fabry-Pérot effect. The creation of
a structure inducing feedback/scattering in the stripe direction having a charac-
teristic length of 50 to 70 microns could explain such a periodic spectrum. This
was observed over a number of different locations measured on the sample but
the exact origin of the behaviour is not known. The threshold energy has also
decreased to ~149 pJ/cm?. The packing density of the Blue 4 molecules in the
film has possibly increased and/or the overall scattering decreased which would
explain the reduction in the ASE threshold. Narrow peaks start to develop at the

maxima of the ASE periodicity, as the fluence is increased.

No definitive conclusions can be made at the moment apart from the fact that

annealing has an effect on the overall ASE characteristics.

5.4.1.3 DFB laser

With the demonstration of ASE and random lasing occurring in the Blue 4 films,

such films were deposited onto NOA 65 grating structures to define DFB laser
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TABLE 5.7: DFB laser based on Blue 4 diluted at 20 mg.mL~! in toluene - spin
rate, emission wavelength and threshold.

Spin rate (krpm) | Apain (M) | Etpmain (1)
5 452.2 3.10
6 439.3 0.15
7 431.6 0.35
8 434.6 3.20

structures. This was again done over a range of spin speed where the properties

can be seen in table 5.7.

The laser wavelengths tend to blue shift with decreasing film thickness, as ex-
pected. The only exception being the samples with lower spin rates that have a
multimodal emission. Spectral analysis of lower spin rates shows very little de-
tectable emission resulting in the corresponding transfer functions being unclear
to whether there is photoluminescence or gain observed (as the emission is at a
similar level to the noise). This could be due to the film thickness being too thin
for resonance to occur with the cavity structure for the corresponding grating
period. Figure 5.21 displays the results of the Blue 4 DFB laser with a 6krpm
spin rate. The figure displays single mode emission and is centred at 439.3 nm
with a FWHM of 0.35 nm. Figure 5.21b displays the transfer function of the laser
emission, figure 5.21a, with threshold energy 0.15u.J.

5.5 Blue 6

5.5.1 ASE and random lasing in thin films

Blue 6 was tested. It was dispersed in toluene at a concentration of 20 mg.mL~!.
Again, optical characterisation of the thin films was carried out for a few different
deposition spin rates. Table 5.8 list the main values found. No trend can be
extracted from these values. All samples develop ASE /random lasing like for Blue
4 where the films were then applied to the same grating structures as with Blue 4
(A = 276nm, NOA 65), although no lasing was demonstrated.

Figure 5.22a displays the spectra for the 5krpm sample. Here the main random
lasing peak can be seen at 422.3nm with a FWHM of 0.49 nm. From the spectral
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TABLE 5.8: Blue 6 diluted at 20 mg.mL ™! in toluene thin film spin rates, peak
emitting wavelength and threshold fluencies’.

Spin rate (krpm) | Apain (M) | Etpmain (1)
4 423.9 298
5 422.3 258
6 4247 165
7 424.7 157
8 424.3 279

evolution it is the dominant mode throughout. Figure 5.22b displays the integrated
intensity of this peak giving a threshold fluence of ~258 u.J/cm?.

5.6 Conclusion

This chapter reported on experiments of Super Yellow polymer and Blue 4 and

Blue 6 oligofluorene materials for use in lasers.

Super Yellow is a well-known soluble phenyl-substituted polyphenylenevinylene
(PPV) copolymer that has been utilised mainly for its photoluminescent qualities.
Used for OLEDs SY has also been beneficial for LEFETs and colour conversion
of LEDs. SY is known to have high chain regularity, can withstand temperatures
greater than room temperature and has even demonstrated lasing in DFB formats.
When applied as thin film its properties are a priori ideal for DFB laser-based

refractive index sensing.

DFB laser oscillation using a neat film of SY was reported. Operation in liquids
was demonstrated. An assessment of the capability for bulk refractive sensing
was carried out by monitoring the laser wavelength when immersed in liquids of
different refractive indices. Bulk refractive index sensitivity of around 10 nm per
refractive index unit, which does not compare favourably with organic DFB laser
sensor made with other materials; where Haughey et al report a 21nm sensitivity
per refractive index unit with Truxene [26]. However, inhomogeneities of the SY
film here led to a multimodal emission that severely limited the resolution and
repeatability and prevented optimisation and more precise studies. Photosatbility
is also an issue. Further work is needed where the SY film is formed by techniques

other than spin-coating.
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SY DFB lasers encapsulated with PVA and parylene were demonstrated. The
PVA/SY/DFB laser produced a threshold of ~1.1x.J emitting at 587.6 nm and
the parylene/SY /DFB laser produced a threshold of ~ 1.75 pJ at 585.5 nm. The
latter could improve photostability and overall performance, while paving the way

for incorporation and utilisation of lasers within a biological environment.

Blue 4 and Blue 6 oligofluorene macromolecules were also reported in this chapter.
Films of both showed ASE with random lasing phenomena, probably caused by
scattering due to the nature of the materials. Blue 4 was also demonstrated in a
DFB laser.

Blue 4 was initially tested at 2 concentrations in thin films spun cast on planar glass
substrates. These produced ASE in the form of random lasing. At 10 mg.mL~" the
films are not thick or dense enough to consistently support propagation explaining
the difference in spectra and ASE thresholds. Blue 4 film formed from 20mg.mL ™!
solutions have lower ASE thresholds. The ASE intensity is found to saturate at the
higher spin rates while the threshold increases. This is due to the thinner films
producing less modal confinement within the gain region. One Blue 4 sample
annealed in a toluene atmosphere for 1 week, displayed reduced ASE threshold as
well as a change in the measured spectra. These changes are attributed to changes
in the spatial arrangement of the Blue 4 molecules within the film, although no
definitive conclusion can be made at this stage. A single mode Blue 4 DFB laser

was demonstrated.

Blue 6 was tested in thin films made from 20 mg.mL™! solutions. Again random
lasing was observed. No trend with the spin rates was seen with the emission
wavelength and threshold energies remaining constant. The grating periodicity
was not adequate to demonstrate a Blue 6 DFB laser (Blue 6 has emission at

lower wavelengths in comparison to Blue 4).
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6.1 Summary

This thesis is focused on colloidal quantum dot laser technology primarily through
the use hybrid organic/inorganic structures in order to progress its usability for
applications. The main objective was to improve the threshold performance of
CQD lasers. CQDs offer the ability for solution-processing, emission wavelength
over the entire visible spectrum tuned typically via the size of their physical diam-
eter, composition, or a combination of both. Low thresholds with 5ns long pulse
pumping were achieved using a bi-layer CQD DFB cavity. Reported thresholds are
in principle low enough that laser diode pumping can now be considered. A CQD
VCSEL emitting in the yellow/orange was then demonstrated in the same pump-
ing temporal regime and its polarisation dependence on the pump spin studied.
While the focus was on CQDs, solution-processed organic semiconductor materials

were also utilised with laser-based sensing applications in mind.

All devices exploited within this research are solution-processable, potentially low
cost and allow operational emission throughout the visible spectrum. The ease
of fabrication would allow for simplicity and flexibility in the manufacturing of
photonic devices being applicable to their use on multiple substrates and platforms;
materials are compatible with soft-lithography and compatible with conformable

technology.
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In chapter 3 the main objective of improving CQD laser performance (to partly
close the gap with OSs) was addressed. Here, it was shown that the alloyed-
core/shell CQDs achieved DFB laser operation, under 5ns long pulse excitation
regime, with threshold approximately a factor of five times smaller than previous
studies of core/shell CQDs under the same pump conditions. This was reduced
further through encapsulation that reduced scattering at the surface of the CQD
gain layer and by using an alloyed-core/shell CQD structure. Reported threshold
are in principle low enough that laser oscillation could be accomplished via laser

diode pumping. The encapsulation also increased photostability.

Chapter 4 then explored the use of the CQDs in VCSEL format. A wedged
design allowed for the side injection of the CQD gain material, in solution form,
between two DBRs. Once the solvent had evaporated the devices were again
optically excited with bns pumping and laser emission at approximately 590 nm
was achieved. The device was investigated under two pump spot sizes. The
polarisation of the CQD-VCSEL device was also explored leading to the Stoke’s
parameters being calculated. This lead on to observe if the CQD-VCSEL had any

polarisation spin-dependency dependent on the pump.

The last experimental chapter (chapter 5) goes on to explore the use of (i) an
existing copolymer Super Yellow in a new format and (ii) two new materials fab-
ricated in the Pure and Applied Chemistry Group at the university. Super Yellow
has previously been seen to demonstrate laser operation, and due to its high re-
fractive index properties is a priori an ideal candidate for refractive index sensing
devices. To the author’s knowledge, is the only completely ambient fabrication
and operation of a single transverse mode DFB laser. The DFB grating was
fabricated using soft-lithography techniques with an optical adhesive and master
grating. The device was examined under varying effective refractive index condi-
tions and in encapsulated media. Unfortunately, the limited operational lifetime
of the material and the inhomogeneity in the films made it difficult to properly
assess its true capability for bio-sensing. Initial bulk refractive index performance
obtained was lower than what is typically obtained with oligofluorene truxene or

other organic laser materials.

The Blue 4 and Blue 6 materials, fabricated by Dr Neil Findley, were straight-
forward to work with. In the initial characterisation steps both materials were
seen to produce random lasing in thin films. This was demonstrated over a range

of different spin rates i.e. different film thicknesses. When employed as a gain
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medium in DFB lasers, Blue 4 displayed strong single mode emission. The grat-
ings were made up of the same optical adhesive as for Super Yellow but with a
smaller periodicity. Unfortunately, DFB lasing of Blue 6 was not achieved. This is
due to an in inadequate grating period for its emission profile, equation 2.9, where

it is believe that the material will produce gain in DFB format.

In conclusion, the work presented in this thesis brings the operation of colloidal
quantum dot lasers closer to real-world application showing the potential for diode-
pumped (low-cost and compact) photostable laser operation. It also shows the use
of these gain materials in different laser formats opening up potential applications
in different fields. The thesis also brings some light on the challenges to overcome
to use SY as a DFB laser biosensor material and assess the capability of Blue 4

and Blue 6 oligofluorene as laser materials.

6.2 Prospectives for solution-processed lasers

From the PVA/CQD/DFB results reported in this thesis, it can be seen that
thresholds have reached a low enough level to achieve laser diode pumping. Op-
eration of this type would allow compact systems and is the logical next step in
the exploration of CQD DFB lasers. Since our demonstrations, a couple of re-
ports in the literature have looked at even longer pulse duration with quasi-CW
demonstrations and diode pumping has been reported [1]. What these and our
studies show is that progress in threshold performance is obtained by advances
in the CQD materials themselves but also in the design and quality of the laser

cavity structures.

6.2.1 CQD laser cavities

We have seen that lowering the loss in a planar laser structure can be obtained
by overcoating the gain layer. In a vertical cavity laser, this could be obtained
by reducing the gain region thickness (which would necessitate high gain CQDs)
and increasing the DBR reflectivity. Another way is to utilise an external cavity
for mode control as was done in [2]. Such a cavity opens up applications in
sensing but also could enable high brightness emission akin to the work done with

other materials: semiconductor disk lasers (SDLs) with epitaxial semiconductor



Chapter 6. Conclusion and outlook 224

a)

Dichroic mirror

Optical fibre

FIGURE 6.1: a) Optical setup showing injected pump, b) successful coupling of
pump and c¢) CQD emission.

structures and VECSOLs with organic dyes. Having an external cavity also enables
tuning of wavelength by moving one cavity mirror with respect to the other [3].
Such investigation could be carried out in our laboratory, for example by using
a DBR-coated fibre as in [4]. Initial steps that we took can be seen in figure 6.1
where the optical setup used in the investigation, with coupling of the pump, is
depicted along with the pump emission exiting the fibre and CQD excitation. A
broadband DBR was coated with CQDs (intrinsic PL at 630nm). The Nd: YAG
used through this thesis was coupled into an optical fibre. The light was sent onto
the CQD surface where the CQD emission was couple back into the fibre. Using
a dichroic mirror the CQD emission and pump light were separated where the
emission is collected by another optical fibre behind the dichroic mirror connected
to a spectrometer. Once CQD detection is achieved, the end of the optical fibre,
use to pump and collect, will be coated with a dielectric film. This would allow
resonance to occur where, with the position of the fibre, would lead to tunable

emission.
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FIGURE 6.2: Taken from [9] plot depicts the emission tunability of selected
CQD materials.

6.2.2 CQD laser materials

CQD materials are being exploited more and more in photonic applications. As
discussed in Chapter 1, the advancement of this material as a technology has
rapidly progressed since the demonstration of optical gain in films [5]. Starting
out as a core NC, a semiconductor shell was added improving features such as
PLQY and ease of film fabrication. CQDs offer a balance between performance
and sustainability as fabrication through solution-based synthesis is low-cost and
scalable. Optoelectronic properties are tunable during this procedure allowing

customisation of the optimising their performance.

The majority of reports on CQDs are based off of carcinogenic heavy-metal based
semiconducting materials, in particular Cd. Cd based CQDs benefit from a ma-
ture, well researched synthesis process enabling them to be monodispersed with
high PLQY. These synthesis procedures have extended into different geometries of
NC, such as nano-platelets [6] and solution processed quantum wells [7, 8]. Figure
6.2, from [9], displays the emission wavelengths of selected CQD materials where

the red elements represent materials containing toxic elements.
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This advancement in the synthesis techniques have driven application in soft
lithography allowing Cd based CQDs to be used as an effective visible gain ma-
terial. Where, utilising a two-dimensional 2nd order DFB cavity, CW lasing has
been claimed [1]. Once CW pumping is established the next step would be to em-
ploy LED pumping as has been demonstrated for OS DFB lasers [10]. Other laser
formats have also been reported, in particular VCSELs. Dang et al reported in-
jected Cd based CQDs into wedged DBRs producing a red emitting device under fs
pulse pumping [11]. Patel et al expanded this work into open cavities allowing for
the emission wavelength to be tuned by the cavity length, remaining in fs pumping
[2]. The work presented in this thesis builds on VCSEL structures and achieved
an orange emission, a wavelength difficult to obtain through traditional methods,
under ns pumping. The next step would be to bridge the gap by achieving faster
and faster pump pulse rate with the end goal of a CW device.

Development of nanoplatelets for visible gain materials will advanced this technol-
ogy as they retain many of the properties of CQDs, such as tuning their emission
wavelength by variation of their size. These differ as they have a larger absorption

cross-section and have shown a reduction in non-radiative Auger-recombination

2].

With CQDs also being looked at for commercial products, non-toxic (Cd-free)
alternative materials have been investigated. The most common material inves-
tigated is InP where high PLQY has been achieved. These are primarily used in
colour conversion films for LEDs [12] and solid-state lighting [13]. Unfortunately,
no InP CQD based lasers have been reported. The green elements is figure 6.2
represent non-toxic CQD materials and the orange elements non-toxic materials

containing InP.

Expanding on the different materials, Perovskite quantum dots have recently found
popularity. These are based off of Caesium and Lead, CsPbXj3 (X being Br, CI or
I), and display large and perfect crystalline structures that improve their optoelec-
tronic properties (others are based off of MPbXj3 (M being an organic)). Traction
has been gained as Perovskites offer solution processing, cheap synthesis and high
efficiencies, with a broad-band absorption and long exciton diffusion length [14].
This has lead to applications such in colour conversion and photovoltaic cells (i.e.
solar cells). Perovskites have also demonstrated laser operation in VCSELs when
employed as a bulk structure [14] and in colloidal form [15]. The latter utilises

fs pulsed pumping and was reported after the work in Chapter 4 was completed.
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Again, progression would involve increasing the pump duration until CW pumping

was obtained allowing for compact devices to me made.
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