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SUMMARY
In this work, quantum dots are used as the optically active nanostructures due to their
tunable emission/absorption properties and high photostability. In addition, they are
solution-processable via the unique combination of organic ligands and inorganic cores,
leading to improved material processing.

Generally, the goal of this research is to

control light-matter interactions in three levels of hierarchical QD photonic systems:
individual and assembled nanostructures, individual and coupled cavities. Specifically,
controlled optical properties of individual nanostructures such as emission/absorption
band position and photoluminescence intensity were investigated via the selection of
materials and dimensions.
nanostructures

were

In addition, spatial arrangements of assembled

examined

to

see

the

effect

on

the

degree

of

light

amplification/attenuation and real refractive index which are important variables for the
design of novel photonic systems that obey parity-time symmetry. Finally, manipulation
of optical activity of photonic cavities including cavity resonance, emission output and
mode splitting will be investigated by altering localized gain/loss contrast and
arrangement of engineered defects.

To summarize, this research work provides a scientific framework which demonstrates a
comprehensive solution when designing the photonic system that requires the control of
light-matter interactions including emission, gain and optical mode characteristics. Major
themes present in this work include:
1. Examine, measure and investigate the quantum confinement of excitons in
individual

nanostructures

and

the

coupling

behavior

within

assembled

nanostructures (large scale arrangement), aiming to control the optical and lasing
properties of these nanostructures;
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2. Develop microfabrication methods to control spatial distribution of QD based
photonic cavities to control light-matter interactions in these microscale
structures, aiming to utilize these controlled interactions to design novel photonic
systems;

3. Develop approaches to tailor the deformation of boundary and gain/loss contrast
of cavities to discover new optical phenomena for designing novel photonic
systems.
Specifically, core/shell and ligand engineering were adopted to develop high quality
assembled quantum dot solids with superior lasing properties such as tunable gain/loss
values, low lasing thresholds and stable lasing output.

Microscale and nanoscale

deposition and microfabrication techniques were used to further arrange quantum dots
into photonic cavities. In addition, physical and non-physical method are proposed to
manipulate the optical gain/loss values in localized region to achieve the exceptional
point. The design and fabrication principles in this work will help guide the development
of miniaturized photonic system with highly tunable optical properties, tunable mode
activity and other optical phenomena such as parity-time symmetry.
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CHAPTER 1
INTRODUCTION
The pursuit of miniaturized and advanced photonic systems with precisely tailored
gain/loss, scattering, reflectivity/transmission, emission directionality and cavity mode
activity has encouraged the development of novel structure designs and new materials
that can provide unprecedented functionality and wide tunability. In the past, inorganic
and organic semiconducting materials have been used widely to fabricate photonic
structures. Inorganic materials that provide superior lasing performance are typically
grown by using molecular beam epitaxy (MBE) and metal-organic chemical vapor
deposition (MOCVD). 1,2 For these inorganic materials, similar lattice constant of material
and substrate is required to epitaxially grow the material, restricting the accessible type
of substrates and materials. Furthermore, these fabrication approaches often require
complicated processes and expensive equipment which increase the cost significantly.
In contrast, the organic system has no such limitations since polymers and organic dyes
are solution-processable under ambient condition. However, these organic dyes suffer
from the photobleaching effect where the photoluminescence (PL) intensity of dyes
decrease dramatically under intense optical pumping. 3 Clearly, new material should be
proposed and identified to resolve the issues encountered in the abovementioned
systems. Among intensive efforts, nanomaterials, especially quantum dots (QDs), have
attracted great attention because they can be both solution-processable and photostable,
showing their ability to be utilized in the design of practical and reliable photonic systems
Furthermore, unlike conventional bulk materials these tiny particles exhibit optical
properties that can be tuned by simply changing their size, shape and capping ligands
due to quantum confinement of excitons in these nanoscale particles. Combining with
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various deposition and microfabrication techniques, QD based photonic systems can be
fabricated that become a promising candidate over conventional inorganic and organic
photonic systems to advance the future development of photonic devices with their
highly tunable and stable optical properties. In the chapter below, we will discuss QDs in
different aspects including synthesis of materials, fundamental physics of QDs as the
optically active media and microfabrication techniques which have been used in the past
to fabricate QD assemblies. These discussions can be important basis for us to identify
and select suitable materials and fabrication methods while investigate unprecedented
optical phenomena that can be observed through the novel design of photonic structures
with controlled gain/loss contrast, coupling strength and engineered defects.

1.1 Quantum dots as gain and loss medium
1.1.1 Introduction to quantum dots
QDs are nanoscale semiconducting particles which typicall have sizes less than ~10nm.
These zero-dimensional nanostructures can be made of different semiconducting
materials including binary composition such as CdSe, CdS, CdTe, PbS, PbSe, InP and
ternary compostion such as CsPbX3 (X=Cl, Br, I) (Figure 1.1a). 4 , 5

In the past,

semiconducting QDs have been synthesized via a variety of physical and chemical
processes.6,7 Here, we focused on the low-energy-input chemical colloidal synthesis,
hot-injection method, to prepare semiconducting colloidal particles. 8 These colloidal
particles will be referred to as QDs that are composed of crystalline inorganic cores
coated with shell of organic molecules. The hot injection method generally involves the
pyrolysis of organometallic precursors by injecting these precursors into hot coordinating
solvent such as trioctylphosphine oxide, TOPO.
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The subsequent thermally decomposed precursors lead to the formation of monomers
and nuclei that eventually grow into large particles. In contrast to QDs that are grown by
physical processes, these colloidally-synthesized QDs are solution-processable since
they are coated with an organic ligand shell preventing particles from agglomeration in
organic solvents.

Furthermore, thanks to efforts that have been made to refine the

synthesis procedure, promising properties like near-unity quantum yield and extremely
low size dispersity of less than 10% had also been achieved. 9,10

Figure 1.1 (a) TEM images of QDs consist of different materials. QDs can be
synthesized to have simple (core) or complex core/shell architectures. (b) Schematic of
a core/multishell QD (top). Schematics of different energy level alignments: type-I
(bottom left), quasi type-II (bottom center), and type-II (bottom right) core/shell QDs.
(Images adapted from Ref 4 )

In addition to synthesis procedure of core QDs, those of more complex layered
structures such as core/shell and core/shell/shell have also been well-established.
Depending on the localization of electron and hole wave functions within core/shell
structures, energy level alignments of QDs can fall into three categories: Type-I, Type-II
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and quasi Type II (Figure 1.1b).4 Different configurations of QDs that are designed via
core/shell engineering indeed provide suitable optical emitters/ absorbers to wide
applications because the overlap between electron and hole wave functions can affect
the exciton relaxation pathway significantly.

For instance, the type-I energy-level

alignment confines both electron and hole wave functions in core. This increases the
radiative recombination rate and prevent these carriers away from the surface trap
states, making type-I QD a good optical emitter due to the improved quantum yield.
improvement of photoluminescence quantum yield (PLQY).

1.1.1.1

Cd-based QDs

The synthetic chemistry of QDs aims to provide the flexibility to tailor the electronic
states and optical properties of QDs via the growth of core and shell. The synthetic
strategies can be used to reduce non-radiative pathways and control the energy transfer
between neighboring QDs significantly. To improve the performance of photonic system,
high PLQY of individual nanostructure is a key parameter since it affects the efficiency to
convert absorbed photons to photons emitting at longer wavelength. Generally, the
growth of inorganic ZnS shell can help passivate the surface of CdSe core and reduce
the non-radiative pathways.

However, the relative large lattice mismatch of ~12%

between ZnS and CdSe resulted in the formation of strain-induced defects.11 A more
popular core/shell system to date is CdSe/CdS QDs, possessing better emission
properties and smaller lattice mismatch of 4% in comparison to CdSe/ZnS QDs. 12
The fluorescence intermittency, known as blinking, is a dynamic process where the PL of
single QD randomly switches between neutral (“ON”) and charged (“OFF”) states.13 This
process is detrimental to limit the photostability of devices in different applications such
as single photon sources. 14,15,16 Hence, numerous efforts have been made to suppress
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this phenomenon since this phenomenon was discovered.14 One of the method is to
coat the cdse core with a giant shell of CdS (19 monolayers) by using successive ion
layer absorption and reaction (SILAR) method.

17

PL blinking was suppressed

significantly where more than 20% of the giant QDs are nonblinking with a ON time
fraction of >0.99 (Figure 1.2a).

Figure 1.2 (a) On-time histograms of Qdot655ITK (reference QDs) (left) and g-NQD
CdSe/19CdS (right). Insets show the PL time traces of individual Qdot655ITK and gNQD CdSe/19CdS, respectively. (b) PL time trace (middle) and on- and off-time
histogram (right) of a single CdSe–CdS core–shell QD (left) with a CdSe core radius of
2.2 nm and a shell thickness of 2.4 nm. (c) Photoluminescence time trace (middle) and
on-time histogram (left) of a single SQW QD (left) with a CdS core radius of 1.3 nm, a
CdSe shell thickness of 0.9 nm and a CdS shell thickness of 5.2 nm. (Images adapted
from Ref 13,17,18)
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In contrast, Bawendi group developed a synthetic approach that utilized octanethiol and
cadmium oleate as precursors to support the slow growth rate of CdS shell.13 The PL
blinking of synthesized CdSe/CdS QDs with only a relatively thin shell was highly
suppressed (∼94% average ON time fractions) (Figure 1.2b). Among recent attempts,
Bae group proposed to synthesize thick-shell QDs with unique seed/spherical quantum
well/shell (SQW) geometry. 18 In SQW QDs, thin emissive layer of CdSe remained
coherently strained and therefore inhibited the formation of misfit defects. The resulting
QDs exhibited a near-unity PLQY while the blinking was significantly suppressed with a
ON time fraction of > 0.9 (Figure 1.2c).

1.1.1.2

Lead halide perovskite QDs

Lead halide perovskite QDs have recently emerged as promising nanomaterials due to
their attractive optical and electronic properties, which can potentially enhance the
performance of photonic systems. Depending on whether the monovalent cation of lead
halide perovskite QDs is organic or inorganic, they are classified as organic-inorganic
perovskite QDs (MAPbX3 and FAPbX3) and all-inorganic perovskite QDs (CsPbX3)
where MA stands for methylammonium, FA stands for formamidinium and X is the
monovalent halide anion (Cl, Br and I) (Figure 1.3). 19,20,21,22,23 Synthesis of MAPbX3
QDs

has

mostly

relied

on

two

ways:

solvent-induced

and

ligand-assisted

reprecipitation 19, 24 , 25 , 26 while CsPbX3 and FAPbX3 QDs are typically synthesized by
using hot-injection method.21,22,23,27

Among these materials, CsPbX3 QDs has attracted great attention since Kovalenko
group demonstrated the first synthetic route in 2015. 21 This is because CsPbX3 QDs
showed relatively higher photostablity against the environment in comparison to the
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MAPbX3 QDs. In addition, the emission wavelength of CsPbX 3 QDs can be easily tuned
over the entire visible region while maintain high PLQY as high as 90% and FWHM of
12-42nm, leading to wide color gamut covering up to 140% of the NTSC color standard
(Figure 1.3b).21 Unlike Cd-based QDs that require core/shell engineering to improve the
PLQY of QDs, lead halide perovskite QDs can preserve high PLQY without the
passivation of inorganic shell, excluding the delicate process of shell growth.

Figure 1.3 (a) PL spectrum of MAPbBr3 QD solution. Inset shows MAPbBr3 QD
solution under UV lamp. (b) Image of CsPbX3 QD solutions under UV lamp (top). PL
spectra of QD solutions with different composition (bottom). (c) Absorption and PL
spectra of FAPbBr3 QDs (left). PL spectra of FAPbBr3 QDs of different size (right).
(Images adapted from Ref 19,21,27)

Furthermore, emission and absorption of lead halide perovskite QDs can not only be
tuned by changing size of QD but also by tuning the composition via anion exchange. 28
This anion exchange can generally occur within seconds, leading to facile and precise
control of their composition and hence the optical properties of lead halide perovskite
QDs.

Manna group reported an anion exchange process to tune the emission

wavelength of CsPbX3 over the entire visible spectrum by adding excess lead halide
salts such as oleylammonium chloride/iodide as halide sources into QD solutions,
facilitating the replacement of Br- with Cl- or I- (Figure 1.4a and b).29
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In addition, anion exchange in solid and gas phase is also possible as reported by Yang
and Manna group, providing the flexibility to use different processing condition to tailor
optical properties of lead halide perovskite QDs while preserving their shape and
morphology.30,31

Figure 1.4 (a) Schematic outlining the anion exchange process of CsPbX 3 QDs using
different routes and precursors. (b) PL evolution of CsPbCl3 and CsPbI3 QDs by using
different precursors including OLAM-X, ODA-X, TBA-Cl and PbX2 (from top to bottom).
(Images adapted from Ref 29)

1.1.2 Fundamental exciton dynamics
1.1.2.1

Quantum confined effect

The flexibility of tuning QD emission/absorption profile comes from the quantum confined
effect, where excitons generated in QD feel the presense of boundary in threedimensional space due to exceptionally small QD size (Figure 1.5). To describe the
quantum confined effect within QD clearly, several points need to be explained and
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considered. The first thing needs to be explained is the term “exciton”. Exciton is an
electrically neutral quasiparticle that emerges upon the abosorption of electromagnetic
radiation (or to say photon).

32

It forms when materials abosrb photons which

subsequently excite the electron from valenced band to conduction band, leading to the
formation of an electron-hole pair that are bound to each other via the electrostatic
coulomb interaction. The relaxation of excition via radiative route can remit photon and
therefore is a essential process that is required in any light-emitting applications such as
light-emitting diodes or lasers. This process would be discussed in more detail later)

Figure 1.5 (a) Schematic showing how the quantum confinement effect change the
bandgap compared with bulk material (b) Tuning of absorption and emission peak
position via size variation of CdSe QDs (Images adapted from Ref 35 and 36)

Second, excitons are said to be hydrogenic (hydrogen-like) particles since they are twoparticle system with a negative charge electron and a postive charge hole attracted to
each other. However, exciton in different materials has its own radius, known as exciton
Bohr radius.33 The exciton Bohr radius in different material is generally much larger than
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hydrogen atom and depends on the dielectric constat of the material and effective
masses of excited electron and hole.
Thrid, as the dimension of material approaches the length scale of exciton Bohr radius,
exciton starts to feel the presense of boundaries in three-deimensoal space and even be
squeezed. In this regime, electronic states of material change from continous energy
bands to discrete energy levels.

This phonomenon is also known as the quatnum

confined effect, resulting in the atomic-like optical properties in QDs.
This distnict feature can be understood by using the particle-in-a-sphere model, where
the QD (particle) wave function is confined in a spherical particle of radius R with an
infinitely high potential barrier. When radius become comparable or smaller than exciton
Bohr radius, only some specific energy levels are still available, leading to the formation
of discrete energy levels instead of continous energy bands. 34 Equation 1.1 shows that
as the radius becomes smaller, the bandgap of QD gradually increases from the
unconfined band gap of bulk material Eg (bulk), where m r is the reduced electron-hole
mass and R is the radius of QD.

Figure 1.5 shows clearly bulk CdSe possesses

continuous conduction and valence bands with a fixed and smallest band gap while
CdSe QD has dicrete energy levels with tunable band gap that depends on size. 35,36

Equation 1.1: Radius dependent band gap energy of a QD using the approximation of
particle-in-a-sphere model. (Equation from Ref 34)

10

1.1.2.2

Exciton relaxation and Auger recombination

Exciton dynamics of QDs can be important research topic since it can help researchers
to understand how these excitions relax to the groud state via different pathways.
Generally, the relaxation of excitons follows the Jablonski diagram developed for more
traditional fluorescent dyes (Figure 1.6a) except that triplet states (phosphorescence)
only exist in some type of QDs such as Mn2+ doped QDs and carbon QDs. 37 In QDs,
radiative relaxation of single exciton (X) to the ground state is mainly via the band edge
recombination which subsequently emit photons. Typically, QDs have stokes shift of 1020nm (that is, the difference between first absorption peak and emission maxima) while
full width half maximum (FWHM) can be 10-40nm depending on the composition and
shape of QDs Interestingly, quantum dots can not only support generation of single
excitions but also the formation of biexcitons (XX) and higher order multi-excitions (MX).

Figure 1.6 (a)Jablonski Energy diagram describing different radiative and nonradiative pathways (b) Multiple exciton generation process (c) Electronic transitions
that lead to generation of single exciton and biexciton. (Reproduced from Ref
37,38)
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The understanding of biexciton and multi-excition dynamics can be significant because
optical phonomenon such as light amplification that requires population inversion
generally occurs in these regime. Biexciton and multiexciton can form in two ways. The
first way is the multiple excition genereation (MEG), where a high-energy single exciton
can transform into multiple low-energy excitons (Figure 1.6b).38 Unlike MEG process,
when multiple single excitons generated upon intensive excitation, they are forced to
interact with each other due to the strong confinement within QDs, leading to the
formation of new quasi-particles that consist of multiple electron-hole pairs.38
As mentioned, the dominant channel of single exciton dynamics in the well-passivated
QDs is the intrinsic radiative recombination that is on the time scale of nanosecond. The
situation is quiet different in the case of biexciton and multi-exciton recmobination which
initiate a severe non-radiative pathway, known as Auger recombination. 39 In this proces,
energy generated during exciton relaxation is not converted into photons. Instead, it
tends to excite the third charged carrier (electron or hole) to a higher energy levels.
Auger recombination process fundamentally requires the conservation of energy and
translational momentum.

As a result, it

is a temperature-assisted process in bulk

materials whose rate can be expressed as r A ∝ exp(−γAEg/kBT), where γA is a constant
dependent on the material and Eg is the bandgap of the material. The equation indicates
that Auger recomnination becomes more efficient with increasing temperature. This can
be understood by considering the fact that higher temperature can provide more
translational momentum required in Auger recombination process.
In the QD regime, the Auger recombination is in fact even more efficient due to the
discrete energy levels which relax the translational
(Figure 1.7a).

momentum

conservation

Clearly, understanding the relationship between QD size and Auger

recombination lifetime is desired. Generally, an universal linear scaling law of Auger
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recombination lifetime was found for almost all types of QDs, which is also known as
“volume scaling law” (Figure 1.7b).39 The ultrafast Auger recombination lifetime typically
ranging from 10-100ps severly impeded the development of colloidal quantum dot lasers
since this ultrafast non-radiative pathyway can easily destroy population inversion within
QDs by disintegrating the multi-excitons into single excitons in a non-radiative way.

Figure 1.7 (a) Schematic showing the relaxation of translational momentum
conservation makes Auger recombination efficient in QDs (bottom) while the Auger
recombination is less efficient in bulk material (b) Volume scaling law of Auger
recombination lifetime of CdSe QDs (left) and different materials (right) (c) Transient
absorption spectra for (left) traditional CdSe/ZnS QD and (right) CdSe/CdS giant QD.
(Reprint from Ref 39,41)

Generally, several core/shell designs have been used to suppress or circumvent the
Auger recombination to achieve low lasing threshold. Alloying the core/shell interface to
smoothen the confinement potential was found to lengthen the Auger lifetime
significantly due to the reduced strength of the intraband transition that is involved in
Auger recombination. Klimov group reported the insertion of an alloyed CdSe xS1−x shell
between CdSe core and CdS shell can further extend the Auger lifetime from less than
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700ps to 1.8ns (Figure 1.8a). 40 These QDs with alloyed shells all feature strongly
suppressed Auger recombination originated from the softened confinement potential.

Figure 1.8 (a) PL (solid) and absorption (dashed) spectra of CdSe/CdS (C/S)
(black) and CdSe/alloyed shell/CdS QD film. (b) Biexciton dynamics measured
from single CdSe/CdS (C/S) (black) and CdSe/alloyed shell/CdS QDs. (c) Radial
distributions of electron and hole charge densities in type-II CdS/ZnSe QD. (d)
Schematic showing the competition between stimulated emission and absorption
where X-X coulomb interaction determines the transient stark shift (∆ S=∆XX).
(Images adapted from Ref 40,42)

Reducing the overlap of wave function between electrons and holes by engineering the
core/shell structure is another effective method to suppress the Auger decay. Typical
example is the giant CdSe/CdS QDs where an energy-level alignment of quasi-type II
formed. In this configuration, wave function of electrons is delocalized over the entire
structure while that of holes is still confined in core. The reduced overlap of wavefunction
was found to suppress the auger recombination significantly where a prolonged
biexcition lifetime of 10 ns was obtained in giant CdSe/CdS QDs (Figure 1.7c).41 This
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value is 50 times longer than the reference sample of CdSe/ZnS QDs, indicating strongly
suppressed Auger recombination within giant CdSe/CdS QDs. Importantly, a large
bandwidth of optical gain spectra (>500meV) was observed, suggesting the participation
of multi-excitons of very high order is possible in giant CdSe/CdS QDs. Finally, QDs with
a type-II heterostructure such as CdS/ZnSe QDs can be used to circumvent Auger
recombination.42 The spatially separated electrons and holes resulted in a giant transient
Stark shift of the absorption spectrum, enabling the single exciton gain with no multiexciton Auger recombination involved in the light amplification process (Figure 1.8b).
In addition to numerous efforts to suppress auger recombination, it is noteworthy that a
promising synthesis method to improve optical gain performance was recently proposed
by Sargent group to decrease the valance-band-edge degeneracy by utilizing biaxial
strain that has proved successful in more conventional system of epitaxial quantum
well. 43 The biaxial strain can cause additional splitting and concentrate holes into
lowest-energy levels, lowering the overall gain threshold (Figure 1.9a). The synthetic
strategy is to introduce the built-in biaxial strain into QDs via facet-selective epitaxy
where trioctylphosphine sulfide (TOPS) enabled the growth of CdS shell on (0001̅) and
{101̅0} facets while oleylamine blocked the shell growth on (0001) facet, resulting in high
degree of facet selectivity (Figure 1.9b, left). 44 QDs with unpassivated (0001) facet
were subsequently coated with a uniform second CdS shell by using octanethiol, leading
to enhancement of PLQY from 25% to 90% (Figure 1.9b, right).
The synthesized biaxially strained QDs indeed showed progressive splitting of first
absorbance peak while the single-dot emission linewidth (36±3 meV) is lower than that
of single nanoplatelet due to the spreading exciton fine structure. A very low continuouswave lasing threshold of around 6.4-8.4 kW cm −2 was achieved in the film of biaxially
strained QDs deposited on photonic crystal distributed feedback (PC-DFB) cavity
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(Figure 1.9c).

It is noteworthy that this value is 3-4 times lower than that of the

hydrostatically strained CQDs in the same PC-DFB cavity, demonstrating the synthetic
approach to manipulate strain within QDs is promising and should be explored
extensively in the future.

Figure 1.9 (a) Schematic showing the state-filling, band-edge states and quasi-Fermi
level splitting of CdSe QD under hydrostatic and biaxial. (b) Synthetic steps of
selective-facet epitaxy growth. (c) Schematic of layered structure of PC-DFB cavity
laser (left). Normalized integrated emission intensity versus pumping power (right).
Inset shows the spectrum above threshold. (Images adapted from Ref 44)

1.2 QD assembly for photonic systems
With the advent of self-assembled epitaxially grown QDs that demonstrates superior
lasing properties such as high optical gains and ultra-low lasing thresholds, colloidal
QDs have been considered an ideal candidate for next-generation optical gains system.
Unlike the epitaxially grown counterpart that may suffer from lattice mismatch of film on
the substrate, these colloidal QDs can be deposited onto any desired substrate since
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they are solution-processable. In addition, colloidal QDs are also advantageous over
traditional organic dyes as gain medium for two reasons.

First, optical pumping to

traditional organic dyes causes dramatic decrease in photoluminescence intensity, which
is also known as photobleaching. In contrast, colloidal QDs have been proven to give
stable lasing output under intensive pumping.
Second, emission/first absorption peak position of QDs can be easily tuned from blue to
IR region, which provides the flexibility to the design of photonic systems that require the
operation in specific emission bands. For example, peak position of Cd-based QDs can
be tuned from 400 nm to 800 nm, while for Pb based QDs it can be tuned from 700 nm
to more than 2000 nm.45 This shows a wide emission/absorption range can be covered
by using only two types of materials. In contrast, organic dyes with infrared emission of
1-2 μm are difficult to achieve and rarely reported in literature. These facts have strongly
encouraged researchers to develop colloidal QDs as promising gain/loss medium for the
fabrication of next-generation advanced photonic elements.

1.2.1 Optical gain systems
Optical gain describes the light amplification process occurring in semiconductor lasers,
which is attributed to the stimulated emission associated with the recombination of
electrons and holes.

Different form the spontaneous emission, stimulated emission

occurs when more electrons are in higher excited energy states, also known as
population inversion. To achieve population inversion, more than 50% electrons in the
excited states needs to be excited upon the absorption of electromagnetic radiation
(intensive optical pumping).

When population inversion occurs, rate of stimulated

emission starts to exceed that of absorption. This leads to the net amplification of light
intensity, known as net gain value that is usually expressed in cm -1.
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With various deposition methods, different types of media can be used as optically active
layers to amplify the light intensity. Generally, inorganic semiconducting media such as
InGaAsP demonstrate superior optical gain values on the order of 10 3 cm -1.46 However,
this type of material needs to be grown on specific substrate due to requirement of lattice
match. In addition, they are brittle and can be difficult to be flexible. On the other hand,
the organic media such as organic dyes and conjugated polymers are highly flexible with
optical gain values on the order of 101-102 cm -1.47 Nevertheless, these organic gain
media are prone to photobleaching effect, restricting the possibility to be an ideal
candidate for the design of novel photonic structures. This motivates us to develop QDs
as optical active medium here since they have potential to be flexible while maintaining
high gain values and stable lasing intensity.

1.2.1.1

Built up of stimulated emission in QD films

The built up of stimulated emission in QD films was a challenging task in the early
development stage of high performance QD lasing system since lasing action was
difficult to achieve from these QD films. Initially, this was thought to be associated with
the high density of trap states on the QD surface. Later, it was found that the extremely
fast auger recombination is the dominant non-radiative channel which ruins the
population inversion on the time scale of 10-100 ps.34

In order to beat auger

recombination, a fs or at least several ps laser is required. This is still not enough for
QDs to achieve stimulated emission because eventually not the rate of the pumping
source but rate of stimulated emission within QD films needs to be shorter than that of
auger recombination. The stimulated emission built up time depends on many variables
such as QD volume, effective refractive index of film, gain cross-section and QD packing
fraction of film (Equation 1.2). By putting real values of the above-mentioned equation,
it was found that the QD volume fraction of film should be at least larger than 0.002. In
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practical, stimulated emission (optical gain) were typically achieved in film with QD
packing fraction above 0.02-0.05.48 This limitation indicates that the QD packing can be
important parameter to be investigated to achieve optimal gain performance.

Equation 1.2 Equation of built up time of stimulated emission that include several
variables, where “τSE” is the stimulated emission build up time, “c” is the speed of light,
“G” is the gain value, “nr” is the effective refractive index, “V dot” is the volume of QD, “ξ”
is the QD packing fraction, and “σg” is the gain cross-section. (Equation obtained from
Ref 48)

1.2.1.2

Estimation of optical gain values

The ability to develop stable, high-performance optical gain media with tunable emission
from the visible to infrared spectral regions promises new opportunities in flexible lasing
devices. Optical gain value exhibited by these materials is widely recognized as an
important ‘figure of merit’ to consider when developing new photonic systems that
demonstrate parity-time (PT) symmetry, which require a sensitive balance between
optical gain and loss. Net gain value describes the degree of light amplification when
light propagate through a specific gain medium. Net gain value is commonly estimated
by the variable stripe length (VSL) method (Figure 1.10a). 49,50 Generally, QD film is
pumped by a pulsed laser, where the pump light is focused into a stripe whose length
can be varied. When the pumping power gradually increases, optical gain within QD film
begins to compete with the optical loss (absorption). Above the threshold point, where
the optical gain exceeds loss value, the light intensity starts to grow exponentially as
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stripe length increases. The relationship between stripe length and exponential increase
in light intensity can be fitted by Malko model to estimate the net gain value. 51 In the
past, optical gain ranging from blue to infrared has been obtained in a variety of CQDs.
The typical net gain value of these CQDs ranges from 60-200cm -1.49,51,52 Most studies in
the area of QD gain medium have focused on the sophisticated engineering of the
core/shell structure in order to suppress the Auger recombination rate (AR). To date,
little attention has been paid to how modification of the ligand can affect gain
performance and PL stability of the QD films.

Clearly, how these molecular

characteristics can affect gain values should be investigated systematically.

Figure 1.10 (a) Schematic showing the set up of VSL method (b) lasing threshold behavior of
QDs with different color (red, green, blue) (c) emission spectra at different pumping fluences.
(Reprint from Ref 49)

1.2.2 Fabrication techniques of QD based films and structures
1.2.2.1

Deposition techniques of QD planar films

To integrate tiny QDs into solid-state forms, different deposition methods have been
developed in the past. Four types of deposition method were typically used to fabricate
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these quantum dot solids. The first method is traditional and relies on the solvent drying
such as spin-casting, drop casting and spray coating.

The second method is the

electrophoretic deposition which is accomplished by suspending two conductive
electrodes in the QD solutions with an applied voltage.

The electric field between

electrodes drives QDs to be deposited on the substrates. The main advantage of this
method is the efficient use of the starting QD solution.53
The third method is the Langmuir-Blodgett and Langmuir-Schaefer methods, where QDs
are deposited via the emersion of substrate from the water interface with suspended
QDs. Monolayer of QDs can be adsorbed homogeneously with each emersion step so
that the thickness of film can be precisely controlled. 54
The last method is the layer-by-layer (LbL) method. In this method, QD films deposited
via spin coating or drop casting are modified by ligand exchange and no longer soluble
to original solvents, enabling the repeatable deposition of QD films.55 By using these
different deposition methods, film properties can be controlled precisely including film
thickness, emission/absorption bands, electrical conductivity and dot-to-dot arrangement.

1.2.2.2

Physical patterning of QD patterns

In addition to the deposition of QD films, patterning of localized QD assembly can be
exceptional important to develop novel photonic structures and practical optoelectronic
devices that require micro- or nanoscale features.
Generally, three types of techniques have been developed over the past decade. The
first technique is the ink-jet or more advanced electrohydrodynamic printing. Ink-jet
printing relies on the thermal/acoustic formation and ejection of liquid droplets via nozzle
apertures.56 Typically, highest resolution by using this technique is ~20-30
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m which

can be useful in some specific applications that only require modest-resolution.

To

further increase the resolution of this type of technique, electrohydrodynamic printing
appears to be promising because it utilizes electric field instead of the thermal/acoustic
energy to help shrink the size of the droplet down to several hundred nanometers. Thus,
through the optimization of printing process, features down to submicron length scale
can be fabricated (Figure 1.11a).
Another popular patterning technique is based on the well-developed soft lithography.
Via the use of polydimethylsiloxane (PDMS) stamp, different patterning method such as
transfer printing, capillary force lithography, μContact printing and solvent-assisted
μContact

molding

can

be

used

to

fabricate

multi-color

and

high-resolution

features.57,58,59,60 For example, PDMS stamps were used to transfer specific QD patterns
onto substrate by direct printing.

The manipulation of interfacial energy between

QD/PDMS and QD/substrate enables the successful transfer of QDs. Multi-color
features whose length scale are only few microns can be printed onto substrate easily.
This is especially desired for LED applications that require high pixel per inch to fabricate
high quality displays. Another example is the capillary force lithography, where a PDMS
stamp is placed on a small amount of QD solution drop casted onto the substrate. Upon
contact with the stamp, the QD solution filled in the patterned trenches via the capillary
force. After drying, high resolution submicron patterns such as pillars or gratings can be
obtained (Figure 1.11b).
The last technique is based on the electron beam lithography (EBL), where specialized
photoresist reacts to electron beam exposures. The exposed/unexposed area can be
subsequently removed during the development process.

This creates polymer

templates with trenches in specific locations. 61 The QD solution is typically casted onto
the templates to back-fill the trenches. After lifting off the photoresist, well-defined QD
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patterns down to nanoscale can be fabricated.

This technique has been used to

characterize unexplored electrical or optical properties of QD patterns whose dimensions
shrink to nanoscale regime (Figure 1.11c).

Figure 1.11 Schematic of fabrication process (top) and QD patterns (bottom) by
using (a) electrohydrodynamic printing (b) PDMS transfer printing (c) electron beam
lithography. (Reprint from Ref 56,57,61)

1.2.2.3

Photopatterning of QD microscale arrays

Photopatterns are fundamentally different from physical patterns fabricated using
lithographic approaches because emissive photopatterns result from targeted intrinsic
modification of the QD emission (essentially doping QDs with light), not from the
addition, removal, or rearrangement of material.
have no modulated physical topography.
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Therefore, emissive photopatterns

We have previously developed QDs as

optically tunable emitters whose emission intensity can be controlled via light exposure.
The unique decay-to-recovery phenomena of photoluminescence (PL) of Cd-based
core-shell quantum dots in polymer film matrices were investigated in terms of different
composition profile including CdSe core, CdSe/ZnS core/shell with sharp interface and
CdSe/Cd1-xZnxSe1-ySy core/graded shell. 62
As shown in Figure 1.12, photooxidation and degradation of CdSe and or ZnS is
proposed to be the reason for both the irreversible blue-shift of PL peak, and the decay
of PL intensity. The recovery of the PL intensity under light exposure is due to light
mediated H2O adsorption/desorption on the exposed core surface of CdSe as ZnS shell
is corroded by oxidation.

Figure 1.12. Schematic outlining the proposed physical evolution of each type of QD
(CdSe core, CdSe/ZnS core/shell, or CdSe/Cd1−xZnxSe1−ySy core/graded shell) under
light exposure in air over a period of 45 minutes (organic ligand not shown for clarity).
(Reprint from Ref 62)
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Therefore, in the case of core/shell CdSe/ZnS quantum dots, a fast decay and slow
recovery of PL intensity, as well as irreversible blue shift under continuous light exposure
are shown in Figure 1.13. While only irreversible decay and blue shift are observed in
pure CdSe core quantum dots.

As for the core/graded shell with thick shell, both

intensity and peak position of PL are quite stable as the core is isolated from the
environment.

Figure 1.13. Examination of the photoluminescence stability of QD-PMMA films
with different types of QD design (CdSe core, CdSe/ZnS core/shell, or
CdSe/Cd1−xZnxSe1−ySy core/graded shell). (a) 3D and (b) 2D representation of PL
intensity and (c) spectral peak position under continuous light exposure (blue light:
450-490nm, 24-28mW). The ribbons represent a standard deviation range for the
emission evolution of the QDs in darkness. (Reprint from Ref 62)
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Photopatterning strategy was developed that allow for the fabrication of either negative
(darkened regions) or positive (brightened regions) photopatterns (Figure 1.14a). 63
These negative and positive strategies utilize a specific core/shell QD that exhibits
decay-to-recovery of its PL intensity upon light exposure.

We demonstrated pre-

determined formations of positive and negative contrast emissive patterns for single
color in QD-polymer composite films can be achieved depending on the light
development (exposure) time tDevel. The negative photopatterning approach yields a
photopattern where the regions of the QD-polymer film exposed to the development light
have a lower PL intensity than the regions protected by the photomask.
A negative photopattern is fabricated by developing the film for a time (tDevel) shorter than
the QD time-to-minimum intensity period (i.e. tdevel < τdecay) since the exposed QDs are
still within the decay phase of their PL evolution (Figure 1.14a). On the other hand, the
positive photopatterning approach yields a photopattern where the regions of the film
exposed to the development light have a higher PL intensity than the regions protected
by the photomask. A positive photopattern forms if the pattern development time is
longer than the decay period (i.e. τdecay < tdevel) since the exposed regions enter the
recovery phase of their PL evolution (Figure 1.14a).
This is the first time a single type of quantum dot has been used to fabricate
photopatterns of negative and positive contrast (Figure 1.14b, c and d). These new
approaches not only expand the number and type of photopatterns that can be created
on QD-polymer films, they significantly improve characteristics like resolution, feature
density, throughput, uniformity, contrast, and color complexity.
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Figure 1.14 (a) Schematic of the general photopatterning process to fabricate
negative and positive photopatterns. Photluminescence images of (b) an unpatterned
green QD-polymer film, (c) a negative photopattern, and (d) a positive photopattern.
(Reprint from Ref 63)

Besides the QD photopatterns of single color, QD-polymer films composed of a mixture
of quantum dots with different color emission were fabricated and exposed to specific
light wavelengths to develop multicolor photopatterns (Figure 1.15a). 64 By judicious
consideration and implementation of the development wavelength, specific QD colors
within the film could be selectively or collectively modified (Figure 1.15b, c and d). For
example, the red QD color can be selectively enhanced, or both the red and green QD
colors can be collectively enhanced. The resulting multicolor photopatterns are the first
in the field of QD photopatterns, and these strategies make it possible to fabricate
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multicolor photopatterns with highly predictable control. These collective and selective
exposure strategies are easy to implement, applicable to a large variety of QD systems,
yield complex multipeak emission profiles, and represent a significant departure from
previous single-component photopatterning studies. In addition, these spectral tuning
strategies are compatible with the previously outlined photopatterning approaches and
therefore do not compromise on pattern resolution, uniformity, or throughput.

Figure 1.15 (a) Photoluminescence image of a multicolor photopattern in a QDpolymer film composed of red and green QDs. Hyperspectral scans of the (b) red
and green channels, (c) red channel, and (d) green channel. (Reprint from Ref 64)

1.2.3 QD based photonic cavities
Current research has focused on the miniaturization of semiconductor lasers that can
lead to smaller, cheaper, and more sensitive high performance on-chip photonic cavities,
including a variety of micro and nanoscale lasers of different geometries. [65,66,67] These
miniaturized photonic cavities can be tailored to manipulate the resonant optical modes
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within the cavity via total internal reflection or light oscillation between reflective end
facets. To fabricate micro- or nanoscale laser, the basic component is the photonic
cavity that can confine light within gain medium to enhance the light amplification. In
general, there are four common types of photonic cavity depending on the confinement
mechanism: Fabry–Perot microcavities, whispering gallery mode (WGM) microcavities,
distributed feedback (DFB) microcavities, and photonic crystal defect microcavities
(Figure 1.16).68

Figure 1.16 Four common types of photonic cavity depending on confinement
mechanism (a) Fabry–Perot microcavities (b) whispering gallery mode microcavities (c)
distributed feedback (DFB) microcavities. (d) photonic crystal defect microcavities.
(Reprint from Ref 68)

Among all these different types of cavities, WGM microcavities have been attracted
great attentions due to their high quality factor (that is how well cavity can store energy
inside the cavity) and low mode volume which can enhance the light-matter interaction
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inside the cavity significantly.

In addition, multiple cavities can be coupled via the

evanescent field resulting from total internal reflection near the boundary. The coupling
between WGM cavities can be powerful tool to design novel photonic structure sine the
energy transfer between cavities can be tuned via the control of coupling strength. In this
research, we will focus on the fabrication of WGM cavities due to their promising
properties to enhance light-matter interactions.

To sustain the WGM, different structures have been proposed including microspheres,
microrings, microdisks, microtoroids, optical fibers, microcapillaries, microbottles,
microbubbles, and hemispheres (Figure 1.17). These structures have been utilized in
wide applications such as chemical and bio-sensors, single mode lasing and add-drop
filters. The utilization of these WGM cavities relies on the monitoring of the resonant
mode activity. To briefly quantify the resonant modes inside the WGM, one can assume
a 2D circular WGM cavities, where light is confined via the total internal reflection. When
self-interference occurs after light propagates for one round trip, specific resonant
modes would be enhanced and can be expressed as Equation 1.3.

Equation 1.3 Equation of resonant modes inside the WGM photonic cavity, where m is the
angular mode number, λ is the wavelength of the light and L is the circumference of the
microcavity and neff is the effective refractive index of the medium. (Equation obtained from
Ref 68)
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These enhanced resonant modes are known as WGM and are highly sensitive to the
change in geometry of the cavity, refractive index perturbation of environment and
coupling between cavities.

Hence, the fundamental understanding of mode activity

inside the QD based photonic cavity can be important in order to further design
advanced photonic systems such as the PT symmetric microcavities.

Figure 1.17 (a) Microsphere. (b) Microring. (c) Microdisk. (d) Microtoroid. (e) Optical
fiber. (f) Microcapillary. (g) Microbottle. (h) Microbubble. (i) Hemisphere. (Reprint
from Ref 68)

1.2.3.1

Coating structure

Coating passive microcavity with solution-processed QDs as active gain medium has
been the most popular method in the field to demonstrate laser action and resonant
cavity mode activity due to its simplicity in terms of processing. This method utilizes the
excellent optical properties of passive microcavity such as ultra-high quality factor with
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value up to 108 and low mode volume while circumventing the issue of phase separation
that may be induced when mixing QDs into the matrix of microcavity.
We discuss below different configurations of passive microcavity coated with QDs that
have been reported in literatures. The first example is the silica microsphere that is
fabricated by using laser thermal processing. 69 The microsphere was produced by
thermally melting one end of the fibre tapers at temperature above 1000 °C with a CO2
laser beam. During melting process, melted silica glass would be thermally reflowed into
spherical shape due to the surface tension, enabling the fabrication of silica microsphere
with highly uniform surface and measured quality factor higher than 108 (Figure 1.18a).

Figure 1.18 (a) Optical microscopy image of fabricated silica microsphere with a
diameter of ~30 µm. Scale bar is 30 µm. (b) Evolution of laser emission near the
lasing threshold. (c) Lasing spectra of silica microsphere coated with CdSe/CdS
nanorods pumped under an infrared laser with varying power. (Images adapted
from Ref 69)
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The coating of CdSe/CdS nanorods was then deposited by immersing into nanorod
solution in toluene. The final structure exhibited a quality factor of ~10 4 which is lower
than the uncoated microsphere due to the introduced surface roughness and scattering
loss caused by QD gain medium. In addition, a single mode laser was realized by
selecting the sufficiently small microsphere that can provide a free spectral range wider
than the gain spectrum of QDs (Figure 1.18b). The laser emission of the single mode
laser was easily tuned by pumping the silica microsphere under an infrared laser of
3.5 µm pulse with varying power, leading to the heat-induced increase in size of
microsphere and therefore the corresponding resonant cavity mode (Figure 1.18c).

Figure 1.19 (a) Fluorescence image of 20 µm silica microspheres coated with
CdSe/CdZnS titania composite film. Insets show 30 µm silica microspheres coated with
blue (top) and red (bottom) CdSe/CdZnS titania composite film. Scale bar of insets are
15 µm. (b) Fluorescence images of 20 µm silica microspheres coated with CdS/ZnS silica
composite film under white (top left) and UV (top right) light illumination, respectively.
Lasing spectra under different pumping fluences (bottom). (Images adapted from Ref
72,73)
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In addition to the microsphere produced by laser thermal processing, monodisperse
colloidal silica microsphere can also be synthesized by using the well-known Stöber
process. These commercially available silica microspheres have been used frequently
as the initial demonstration of WGM resonators and lasing action.

Typically, silica

microspheres suspended in water or ethanol were drop casted onto substrate. These
randomly distributed silica microspheres were then conformally coated with different
types of QD gain medium including PbS QDs, CsPbBr 3 QDs, CdS/ZnS silica and
CdSe/CdZnS titania composites (Figure 1.19).70,71,72,73 The uniformly coated surface led
to quality factor of up to 3800 and can serve as a facile platform to exploit the promising
lasing properties of QDs.
Besides spherical cavities, commercially available microcapillary tubes have also been
widely adopted since QDs solution can be readily filled into inner hollow region, forming
a QD coating on the inner wall of tube which acts as WGM cavity to demonstrate lasing
action (Figure 1.20).74,75,76

Figure 1.20 Normalized integrated emission intensity versus different pump fluences
(left). Schematic showing the microcapillary tube integrated with QDs that demonstrates
WG mode. (Images adapted from Ref 51)
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All solution-processed self-assembled hemisphere is another promising configuration
that can be fabricated on the substrate in a more cost-effective way. The generation of
these micro-hemispheres relied on the hydrophobic effect of surface modification which
cause the viscous epoxy resin solution to self-assemble on the tip surface
(Figure 1.21a). 77 , 78 A small amount of resin solution was spread on the surface of
cylindrical tip that is coated with 1H,1H,2H,2H-perfluorooc-tyltriethoxysilane as
hydrophobic layer. After several minutes, a line of individual droplets was formed and
transferred by lowering the tip with these droplets onto a distributed Bragg reflector
(DBR) substrate coated with same hydrophobic layer, resulting in a line of hemispheres
on the DBR substrate with size typically ranging from 5-120 µm.

Figure 1.21 (a) Schematic showing the fabrication process of self-assembled
hemispheres by using a cylindrical tip coated with a hydrophobic layer. (b) Lasing
spectra of a hemisphere microlaser coated with QDs under different pulse energy. Left
inset shows the PL intensity versus the pulse energy where a non-linear behavior was
observed. Right inset shows a single self-assembled hemisphere coated with QDs that
is on top of a DBR substrate. (c) optical microscopy image of the actual self-assembled
hemisphere coated with QDs. (d) PL image of self-assembled hemisphere coated with
QDs above lasing threshold. (Images adapted from Ref 68,77)
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After drying for several days, the final solid-state hemispheres were fabricated. These
hemispheres were subsequently coated by immersing them into Cd 1−xZnxSe1−ySy/ZnS
QD solutions, resulting in a quality factor of ca. 3500 and a low threshold of 10.5 mJ/cm2
under quasi-continuous wave pumping (Figure 1.21b, c and d).77

1.2.3.2

Self-assembled QD-polymer composite structure

Self-assembled polymer-based WGM microcavity has attracted great attention due to
the ease of fabrication and low cost while maintaining high performance. Importantly,
unlike inorganic sol-gel titania or silica, QDs with commonly used organic ligands can be
facilely doped into these polymer matrices without complicated ligand exchange process
to improve the compatibility.

Sun group recently proposed a bubbling method to

generate QD-polymer microbubbles.79 PMMA was selected as the polymer matrix due
to its high optical transparency, chemical inertness and mechanical flexibility. By varying
the concentration of CdZnS/ZnS QDs that were mixed in PMMA solution, microbubbles
with different sizes can be formed at the contact line (Figure 1.22a). It is noteworthy
that the concentration (25-45%) of QD-PMMA solution used to fabricate microbubbles is
much higher than those (<~10%) applied in other applications such as solar
concentrators, light-emitting diodes and active waveguides. The high concentration of
QDs can help shorten the time to build up stimulated emission and therefore achieve
lasing action more efficiently.

The origin of the bubbling was attributed to the synergetic effects of both QDs and
PMMA. The evaporating QD droplet was found to form microbubbles at the contact line
while PMMA with mechanical flexibility stabilized the structure of microbubbles when the

36

contact line of the droplet moved over it and dried. The final QD-PMMA microbubbles
achieved a quality factor of ~2500 and a low threshold of ∼10.8 µJ (Figure 1.22b and c).
A water-vapor sensor based on the QD-PMMA microbubbles was also demonstrated
where the lasing peak positions were sensitive to the loading of water vapor and
revealed a clear blue-shift. This showed the ability of microbubbles to serve as an
efficient platform to sense the perturbation of refractive index induced by water vapor.

Figure 1.22 (a) Schematic showing how the QD-PMMA microbubble was formed during the
bubbling process Lasing spectra of microbubbles mixed with red (b) and green (c) QDs under
different pulse energies. Right insets show the PL intensity versus the pulse energy. Left insets
show the PL image of the corresponding red and green QD-PMMA microbubbles. (Images
adapted from Ref 79)

1.2.3.3

Inkjet-printed structure

Solution-processed self-assembled QD-polymer microcavity can be a promising
structure due to the ease of fabrication and high performance. However, the location of
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these microbubbles can not be controlled precisely during the random bubbling process.
To further support the development of advanced photonic circuits, it is important to
develop microfabrication techniques that are able to integrate these self-assembled
optical components into desired positions. One of the facile technique that can enable
controllable spatial distribution of these structures is solution-processed ink-jet printing.
As mentioned in section 1.2.2.2, ink-jet printing is a one-step fabrication method with low
material usage. More importantly, it can enable the fabrication of large-area arrays into
locations that are assigned by microplotter system. Quasitoroid microlasers from selfassembled CdZnS/ZnS QDs were fabricated by ink-jet printing where QD solution with
concentration of ~5mg/mL was loaded into print head nozzle (Figure 1.23a and b).80

Figure 1.23 (a) Schematic illustrating how ink-jet printing can be used to fabricate
quasitoroid microlasers from self-assembled CdZnS/ZnS QDs on top of a DBR
substrate. (b) Optical microscopy image of arrays of fabricated quasitoroid structures.
(c) SEM image of single quasitoroid structure. (d) Zoom-in SEM image of the rim form
the quasitoroid structure. (Images adapted from Ref 80)
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After drying, a ring wall appeared near the boundary due to the coffee-stain effect,
suggesting the formation of a quasitoroid structure (Figure 1.23c and d).

This

quasitoroid structure can be a more favorable optical microcavity in comparison to disk
with flat surface due to the better light confinement. Arrays of quasitoroid microlasers in
assigned locations were successfully fabricated and possessed a high quality factor of
~2500, a value that is comparable to the abovementioned self-assembled QD-PMMA
microbubbles.

1.2.3.4

Lithographically patterned structure

Although ink-jet printing is able to assign the location of QD microlasers, size of these
self-assembled microcavities can not be controlled precisely due to the moderate
resolution of ink-jet printing that is around 20-30 μm.

Moreover, control of cavity

geometry is also difficult for ink-jet printing due to the radially drying process that
typically leads to patterns of circular shape. Cavity geometry is an important factor for
the design of advanced optical microcavity since it can influence the mode activity and
emission output significantly.

For example, highly directional laser action has been

demonstrated in elliptical microdisks with the addition of small notches, where light
waves are scattered by the notch toward a preferential direction. 81 To precisely control
these properties, microfabrication methods with the ability to modify size and geometry
of QD based microcavity should be developed.

Researchers have attempted to fabricate QD based microcavities by using lithography
process such as photolithography and EBL since it can provide very high resolution
down to subwavelength scale. 82,83 Importantly, it can predefine the size and shape of
microcavity precisely by creating a resist template of specific pattern and subsequent
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filling or etching. Among recent examples, an attempt was made to fabricate microdisks
of QDs sandwiched between silicon nitride (SiN) layers using a top-down approach with
the assistance of photolithography (Figure 1.24a). The high transparency of SiN from
blue to near-infrared region promises its use in low-loss photonic integrated circuits. To
fabricate on-chip QD/SiN microcavity, a top-down CMOS-like process was adopted to
preserve the optical properties of QDs and performance of microcavity in terms of quality
factor. During the deposition of a tri-layer stack (SiN/QD/SiN), the spin-casted QD layer
of 55 nm was sandwiched between high density SiN layers of 100nm deposited by using
plasma enhanced chemical vapor deposition at 270 °C (Figure 1.24b).

Figure 1.24 (a) Schematic showing the fabrication process of the SiN/QD/SiN
microdisk laser. (b) Optical microscopy image of an array of SiN/QD/SiN microdisks.
(top). SEM image of a SiN/QD/SiN microdisk and waveguide (middle). Falsed-color
SEM image of cross section of microdisk and waveguide (bottom). (c) Lasing spectra
of SiN/QD/SiN microdisk lasers under different pumping fluences where Pth is the
pumping threshold. Insets show the PL images of SiN/QD/SiN microdisk lasers
pumped under pulsed laser. (d) Integrated PL intensity versus pump fluence where a
non-linear behavior was observed. Inset shows the relationship of integrated PL
intensity versus pump fluence at different wavelengths. (Images adapted from Ref
82,84)
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The resist template created using photolithography acted as a mask for the subsequent
anisotropic reactive ion etching process to etch away the underlying SiN/QD/SiN layers.
In this top-down approach, selection of gas species played an important role to obtain
smooth side walls with a continuous surface. This is because the difference in material
density between these three layers can results in different horizontal etching rate and
hence sidewalls with a step-like profile. The combination of CF4 and H2 was found to
give the best result in comparison to CF 4/O2 or CF4 due to the formation of a protective
polymer layer in the presence of H 2 which enhanced the anisotropic etching in vertical
direction.84 This led to smoother sidewalls and therefore high quality factor of up to 5700
as well as very low lasing threshold of 27μJ/cm 2 (Figure 1.24c and d).

1.2.4 Parity-time symmetric photonic systems
Optical gain within cavity leads to the light amplification while optical loss causes the
attenuation of light. One may think intuitively that only optical gain can be beneficial to
the development of advanced photonic lasers. In fact, a proposed theory, PT symmetry,
suggests that optical loss can be also good in some cases to achieve unprecedented
optical phenomena. PT symmetry describes systems that satisfy some requirements on
the complex refractive index (Figure 1.25). The first requirement is to have the same
real part “n” of the complex refractive index be an even function which can be expressed
as “n(x, λ) = n(-x, λ)”. The second requirement is the imaginary part “k” be an odd
function which can be expressed as “k(x, λ) = -k(-x, λ)”.85 The imaginary part k is directly
related to the amplification/absorption properties of the material. This indicates that in
order to be an odd function k needs to be positive (absorption-loss) and negative
(amplification-gain) in localized and symmetric regions. 86
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Figure 1.25 Schematic showing representative example (coupled waveguides)
obeying parity-time symmetry where Re[n] and lm[n] are the real and imaginary parts
of the refractive index variation n. (Images adapted from Ref 85)

As mentioned before, photonic cavities can provide valuable platforms to manipulate the
optical modes and emission output within individual cavity. More importantly, photonic
cavities may enable the development of novel photonic structures that judiciously utilize
the evanescent field extending hundreds of nanometers from the cavity boundary to
control mode activity and light transport. To achieve PT symmetry, it is common to place
two photonic cavities in proximity so that they are coupled via the extending evanescent
field. The modulation of gain/ loss values ( ) is typically accomplished by the optical
pumping on localized regions. The control of gain and loss values within cavity can be
important since the gain/loss contrast must match with the coupling strength ( ) between
two cavities to achieve the exceptional point ( = ).87
QDs can be an ideal candidate since the gain and loss value can be potentially tuned by
the change of optical or film properties such as emission/absorption position and QD
packing fraction. In addition, the real part of complex refractive index can be easily
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tuned in QD films by changing the ratio between organic ligands and inorganic cores.
The tunable optical properties of QDs can accommodate all possible requirements that
needs to be satisfied when designing novel PT structures. Recently, some impressive
photonic structures of PT symmetry have exhibited intriguing optical phenomena
including single-mode microring lasers, ultra-sensitive sensors, loss-induced Raman
lasing and unidirectional invisibility. 87 , 88 , 89 , 90 For example, individual microring laser
typically demonstrates multimode activity. By coupling with another lossy microring, only
a specific mode can lase beyond the exceptional point while other modes are
suppressed since they are under PT unbroken phase (Figure 1.26a).87

Figure 1.26 (a) Lasing spectra of single mciroring (top), coupled microrings that are both
pumped (middle), coupled microrings (bottom) with only one being pumped. (b) Diagram
of coupled optical PT resonators(top), lasing spectra showing the PT induced revival of
Raman lasing with increasing losses (bottom). (Reprint from Ref 87,89)

Another work also demonstrates counterintuitive optical phenomenon due to PT
symmetry. Generally, addition of optical loss to the microresonator typically suppress
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the lasing intensity. However, it was found that optical loss can actually induce the
revival

of

lasing

within

the

PT

symmetric

microresonators

(Figure 1.26b).89

Abovementioned works clearly demonstrates unique optical phenomena can be
achieved by carefully designed photonic structures with PT symmetry.

Importantly,

these unique properties may further support the development of future information
processors, ultra-sensitive sensors and coherent perfect absorber and laser.
Furthermore, modulation of localized gain/loss values within cavities can also alter the
optical activity significantly. This modulation can be important in PT systems since the
gain/loss contrast needs to be matched with the coupling strength to achieve the
exceptional point ( = ). When any pair of modes is below the exceptional point ( < ), it
remains in the state of neutral oscillations (Figure 1.27a). (PT unbroken phase), where
modes distribute equally in gain and loss region. Once the PT phase is broken ( > ), a
conjugate pair of amplifying and decaying modes emerges (Figure 1.27b). By adjusting
the pumping threshold, it is possible to select a specific pair of mode to undergo PT
broken phase while others remain neutral. 91

Figure 1.27 Transverse intensity distribution at the point of closest proximity between
two cavities. (Reprint from Ref 91)

In addition, previous works have demonstrated intriguing phenomena can be achieved
by altering the localized gain/loss values of photonic cavities. For example, a theoretical
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work shows single mode and directional output can be achieved simultaneously in the
individual microdisks if the gain/loss distribution within the cavity is stripe-like
configuration.92 Furthermore, laser and anti-laser can be achieved in single cavity by
modulation of gain/loss distribution of single waveguide into periodic lattices
(Figure 1.28a).93 When it comes to the coupled photonic cavities, an experimental work
has demonstrated the coupling induced mode splitting can be tuned via the modulation
of gain/loss contrast within coupled cavities (Figure 1.28b).91 These works indeed show
that the modulation of gain and loss opens up a new avenue to tailor the optical activity
of photonic structures significantly.

Figure 1.28 (a) Schematics illustrating CPA laser, where the gain/loss modulation is
introduced by placing periodic loss structures on gain waveguide. The periodicity is
designed to be half of the effective wavelength of guided light (left). The spectra of
output coefficient Θ demonstrating amplification peak of 15 dB while the anti-lasing
mode induced absorption down to -15 dB at around 1556nm. (Reprint from Ref
88,93)
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1.3 Summary of critical issues and motivation
In summary, the current inorganic and organic systems have their own disadvantages
such as restrictions on selection of materials/substrates and low photostability.

In

contrast, colloidal QDs consist of inorganic core and organic ligand shell can be
advantageous over current systems since they can be dispersed in common organic
solvents while their optical properties are stable and tunable. Indeed, a great amount of
work has been done in the past to study the lasing phenomena of photonic
nanostructures with different confinement conditions. However, extensive studies on
how these photonic nanostructures can be affected by various system design including
individual and assembled nanostructures, individual and coupled local assemblies
(cavities) have been left unexplored.

For example, to improve the gain performance of QDs, most studies have focused on
the sophisticated engineering of the core/shell structure in order to suppress the Auger
recombination rate (AR).42,49 To date, little attention has been paid to how modification
of the ligand can affect gain performance and PL stability of the QD films.94,95 This is in
striking contrast to other fields where ligand engineering has attracted great attention
since it can significantly improve device performance. 96,97,98,99 Moreover, some studies
have shown that ligand engineering can be utilized to impart mechanical strength using
bifunctional crosslinkers to form crosslinked and mechanically robust QD solids. 100,101
These studies all suggest that the ligand replacement can be an effective method to be
explored to improve both the gain performance and the mechanical strength of the QD
materials. However, the enhancement of these properties via the proper selection of
ligands has not been realized to date.
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Furthermore, a variety of QD cavities have been fabricated to date. However, these
cavities in most cases are made by filling QDs into or coating QDs onto microcapillary
tubes and silica microspheres.

Although cavity modes were observed in these QD

photonic structures, it is difficult to integrate these types of structures into on-chip
photonic circuits, on flexible substrates, or over large-scale areas. In addition, current
QD patterning techniques are lack of either scalability (EBL) or resolution (ink-jet
printing).

Among recent examples, lithographically patterned structure such as

SiN/QD/SiN mcirodisk laser was a notable development.

However, this approach

requires careful selection and optimization of etching gas mixtures as well as a relatively
expensive chemical vapor deposition system to deposit SiN layers. In addition, the high
processing

temperature

for

the

deposition

of

SiN

significantly

photoluminescence intensity to 20% of the original intensity.82

reduced

the

Clearly, fabrication

methods that can precisely control dimensions of photonic cavity without deteriorating
the photoluminescence of QDs should be developed in this work. Thus, the patterning
technique should be up-scalable while preserving high resolution since PT symmetric
systems requires the coupling between cavities and the fine modulation of localized
regions to create gain/loss lattices.

Finally, QDs with flexible selection of structures, compositions and materials are very
promising candidates for PT symmetric systems because the real refractive index,
optical gain and emission position can be tuned while preserving their high quantum
yield.

In other words, the photoluminescence intensity of QD is not significantly

quenched when tuning other optical properties. This make the design and modification
of the PT symmetric systems that require modulation of magnitude of the n, k
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components much easier. Overall, QD can provide flexibility in both material processing
and optical properties to satisfy almost any requirements of PT symmetric that cannot be
achieved in other systems facilely.
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CHAPTER 2
RESEARCH GOALS, TECHNICAL OBJECTIVES, AND
DISSERTATION OVERVIEW
2.1 Research goals
The primary goal of this research is to understand and control fundamental light-matter
interactions in three hierarchical levels of hybrid organic and inorganic photonic systems:
individual and assembled nanostructures, individual and coupled cavities. We aim to
utilize quantum confined nanostructures as the optically active components to build up
robust and stable planar films and photonic structures with highly tunable optical
properties such as refractive index, broad-band absorption and emission. Furthermore,
methods will be proposed to control fundamental lasing properties of planar films and
photonic structures including optical gain value, lasing threshold, stable lasing output,
mode activity and emission output direction.

Understanding the abovementioned

properties can be significant in the design of advanced photonic system that is proper for
PT symmetry, where control of refractive index and gain/loss values is required to
achieve PT symmetry.

These PT symmetric photonic systems can exhibit unique

properties like asymmetric energy transfer, unidirectional light propagation, and single
mode lasing, loss-less unidirectional reflection, further supporting the development of
synthetic photonic systems enabling control of light propagation, mode manipulation and
light intensity modulation.

In addition to the investigation of the fundamental optical and lasing properties,
promising and reliable methods are used to fabricate large scale and robust optical
cavities with controllable spatial distribution including dimensions, locations and
geometries. Furthermore, another focus is placed on the fabrication of coupled optical
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cavities with modulated gain/loss values and geometries that is desired to facilitate the
energy transfer between these assemblies. These microfabrication techniques can be
useful in wide applications particularly in light-emitting diodes, lasers and photodetectors
that may require high resolution arrays in large area.

2.2 Technical objectives
As discussed above, the main research goal in this work is to understand the light-matter
interactions in different hierarchical levels from individual nanostructures to different
large-scale arrangement of nanostructure assemblies.

To fully investigate all the

possible optical properties that can be manipulated, this research can be presented into
three tasks (Figure 2.1).

Task 1

concentrates on the investigation and tuning of optical properties and gain

performance of individual and assembled nanostructures by adopting core/shell and
ligand engineering. Emphasis is placed on how the quantum yield of individual QDs can
be maximized via the shell passivation and how the arrangement of assembled
nanostructures can affect the refractive index, optical gain/loss values and photostability.

Task 2

concentrates on the promising microfabrication techniques that help fabricate

individual assemblies with controllable lasing properties such as mode activity and
directional lasing output. Specifically, up-scalable microfabrication method is proposed
to fabricate individual assemblies with controllable dimensions and geometry that can be
important to alter the fundamental light-matter interactions of the structure.
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Task 3

concentrates on high resolution fabrication method that is used to fabricate

coupled cavities with controllable coupling strength, enabling the control of energy
transfer between coupled assemblies. In addition, non-physical method is developed to
manipulate the gain/loss values in localized regions. Furthermore, we also investigate
how the manipulation of gain/loss values may lead to intriguing optical phenomena
which have not been observed in the past.

Figure 2.1 Research tasks at different hierarchical levels that are investigated and
developed to understand fundamental light-matter interactions at each level of QD photonic
sources from individual and assembled nanostructures to individual and coupled optical QD
cavities.
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These above-mentioned tasks will be broken down into specific objectives below.

Task 1: Individual and assembled nanostructures
▪

Measure and control optical properties of QD including emission/absorption peak
position and quantum yield of core and core-graded shell QDs of different sizes,
before and after ligand exchange procedures to determine how the properties of
QDs can be manipulated.

▪

Adopt suitable core/shell structures to synthesize QD materials with wellpassivated surface, high quantum yield and suppressed auger recombination while
establish measurement procedures to characterize these optical properties
correctly.

▪

Systematically investigate how the replacement of ligand via ligand exchange
process affect the QD loading, refractive index, optical gain/loss values and
surface roughness of films.

▪

Create criteria for the selection of ligands to identify appropriate ligand component
for the improvement of QD gain performance such as low lasing threshold, high
optical gain, low optical loss and stable lasing output.

Task 2: Individual optical cavities
•

Develop microfabrication technique that allows for the fabrication of QD based
cavities with controllable dimensions and lasing properties combined with longterm photostability.

•

Establish characterization methods to examine the lasing properties of fabricated
assemblies including quality factor, lasing threshold, cavity mode activity and
effective refractive index.
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•

Investigate how the geometry of the cavities including circle and ellipsoid can affect
the mode activity and lasing output direction of photonic structures.

•

Investigate how the size of engineered defects can affect the mode activity and
lasing output direction of photonic structures.

Task 3: Coupled optical cavities
•

Develop reliable fabrication method that allows for coupling between coupled
photonic structures.

•

Develop methods that can manipulate gain and loss values in localized regions to
achieve the balance between gain/loss contrast and coupling strength (exceptional
point).

•

Study how the manipulation of gain/loss contrast can affect light-matter interactions
like light propagation, coupling, intensity, and emission direction with the aim to
establish guiding principles for the development of devices that exhibit novel
phenomena.

2.3 Organization and composition of dissertation
Chapter 1 provides a comprehensive review of literature which involves QDs. Synthesis
routes including core/shell engineering as well as the fundamental exciton dynamics of
QDs are discussed. Different aspects of QD assembly including optical gain systems,
deposition, patterning and microfabrication techniques are also detailed. The overview
of the PT symmetric photonic system is provided lastly.

Chapter 2 outlines the research goals and technical objectives of this dissertation. Brief
descriptions of the organization and each chapters of this dissertation are also provided.
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Chapter 3 outlines all different experimental techniques used in this dissertation
including materials, synthesis of QDs, ligand exchange process, film deposition,
microfabrication of QD patterns FDTD modeling, and various characterization methods.

Chapter 4 outlines a robust preparative strategy to craft a set of CdSe/Cd 1-xZnxSe1-ySy
core/graded shell QDs and CdSe/Cd1-xZnxSe1-ySy/ZnS core/graded shell/shell QDs with
suppressed re-absorption and reduced Auger recombination, larger quantum yield, and
tunable Stokes shift. The as-synthesized CdSe/Cd1-xZnxSe1-ySy and CdSe/Cd1-xZnxSe1ySy/ZnS

QDs exhibited unique optical properties as a direct consequence of the

delocalization of electron wave function over the entire QD. Furthermore, the deposition
of thicker outermost ZnS shell resulted in the progressive red-shift of emission peak and
the effective suppression of the first absorption peak from innermost CdSe QD core,
thereby leading to suppressed re-absorption of CdSe core and tunable Stoke shift in
CdSe/Cd1-xZnxSe1-ySy/ZnS QDs.

Chapter 5 examines how the molecular dimensions and chemical functionality of the
organic ligands of QDs can be explored for the improvement of film properties including
QD loading, refractive index and optical gain values.

Chapter 6 reports a method that utilizes bifunctional crosslinkers to impart mechanical
robustness to QD films while preserving high optical gain. These tethered QD solid films
display very high net optical gain as high as 650 cm -1 combined with low pump excitation
gain threshold of 44 µJ/cm 2. In addition, the functionalization of the QDs using short-
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chain bifunctional crosslinkers provides stable passivation of the QDs which imparts
excellent mechanical robustness and chemical resistance to solvents.
Chapter 7 report the facile on-chip fabrication of CdSe/Cd1-xZnxSe1-ySy quantum dots
microdisk lasers and their large-area arrays via a pattern-assisted layer-by-layer
assembly process. This approach combines the versatility of colloidal semiconducting
nanoparticles (bright emission, solubility, and high stability) with the spatial precision of
optical lithography to create robust large-area optical lasing arrays.

Chapter 8 reports a high-resolution and high throughput orthogonal lithography
approach for patterning of all inorganic perovskite CsPbX3 (X= Cl, Br, I) quantum dots.
The reported method utilizes the combination of fluorinated polymer and solvent to
provide the orthogonality to the CsPbX3 QD during the lift-off process.

Chapter 9 outlines the study of notched and elliptical microdisk lasers. The spectral and
directional properties of notched and elliptical microdisk lasers were investigated by
characterizing the laser emission spectra under optical pumping and angular dependent
laser emission measurements.

Chapter 10 studies the effect of gain/loss modulation in evanescently coupled
microdisks of solution-processed quantum dots. Varying the gain differential between
such disks by optical modulation leads to coalescence of parasitic intra-cavity modes
that result from material inhomogeneity.
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Chapter 11 summarizes the general results and conclusions discussed in chapter 4-10.
In addition, the scientific significance in the field and the impact to the future
development of potential applications are also provided.
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CHAPTER 3
EXPERIMENTAL TECHNIQUES AND MATERIALS
3.1 Quantum dots for lasing
3.1.1 Chemicals and materials
Cadmium oxide, tri-n-octylphosphine (TOP, 90%), ethyl lactate and selenium powder,
were obtained from Sigma Aldrich. 1-tetradecylphosphonic acid (TDPA, 98%), tri-noctylphosphine oxide (TOPO, 90%), diethylzinc (15 weight% in hexane), cesium acetate
(99.9%), lead acetate trihydrate (99.995%) and tetra-n-octylammonium bromide (TOABr)
(98+%) were obtained from Alfa Aesar. 1-octadecene (ODE, 90%), hexadecylamine
(HDA, 90%), butylamine (BA, 98%), oleic acid (OA, 97%), and bis(trimethylsilyl) sulfide
(95%) were obtained from TCI. 1,7 diaminoheptane (DIAH, 98%) and ethyl lactate was
obtained from Sigma Aldrich.

Hexane, acetone, toluene (ACS reagent grade) and

heptane were obtained from BDH Chemicals.

CYTOP was obtained from AGC

Chemicals. NR 71-3000p photoresist was purchased from Futurrex. OSCoR SL 1
(fluorinated polymer), thinning solvent 700 and Orthogonal Stripper 700 (fluorinated
stripper) were purchased from Orthogonal, Inc. All chemicals were used as received.

3.1.2 Synthesis of CdSe/Cd1−xZnxSe1−ySy core/graded shell QDs
Chemical composition gradient CdSe/Cd1-xZnxSe1-ySy core/graded-shell QDs were
synthesized by modifying reported methods and provided by collaborators (Prof. Lin’s
group, School of Materials Science and Engineering, Georgia Institute of Technology). 1
Briefly, 0.2 mmol of CdO, 4 mmol of Zn(acetate)2, 5 ml of oleic acid, and 15 ml of 1octadecene (ODE) were placed in a three-neck flask and degassed at 150 C for 1 hr.
The reaction was heated to 300 C under Ar. At the elevated temperature (300 C),
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1 mmol of Se and 4 mmol of S in 2 ml of TOP were rapidly injected into the reaction
vessel. The reaction was allowed to proceed at 300 C for 10 minutes, and then the
heating mantle was removed to stop reaction. 5 ml of hexane was added to the solution
once the temperature reached 70 C.

3.1.3 Ligand exchange process
The oleic acid-capped CdSe/Cd1-xZnxSe1-ySy QDs were centrifuged with acetone three
times to remove excess oleic acid and ODE. Subsequently, purified oleic acid-capped
CdSe/Cd1-xZnxSe1-ySy QDs were re-dispersed in hexane and an excess amount of
hexadecylamine, octylamine, butylamine was added to perform the solution-phase
ligand exchange. The ligand exchange reaction was allowed to proceed at 45℃ for 1
day. The solution was then precipitated using methanol and re-dispersed in a mixture of
hexane and an excess ligand amount. This procedure was repeated for three times. 7

The solid-state exchange is performed by soaking the prepared butylamine-capped QD
films in a 0.1 M methanol solution of 1,7 diaminoheptane for 1 hour. After soaking, the
films are washed with methanol 3 times to remove any excess 1,7 diaminoheptane. It
was observed that the QD loading did not significantly change during the networking
step (53% to 49%), which may be due to the similar length of two BA ligands and the
length of one DIAH ligand if the ligands are fully extended between adjacent QD
surfaces.7
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3.1.4 Synthesis of CsPbBr3 QDs
CsPbBr3 QDs were synthesized by modifying the reported method. 2 1 mmol of cesium
acetate, 2 mmol of lead acetate trihydrate, 5 ml of ODE, and 2 ml of OA is added into a
three neck flask.

The solution is vacuum dried at 100 oC for 30 minutes and then

changed to argon atmosphere at 75 C. 2 mmol of TOABr is dissolved in anhydrous
toluene and oleic acid. The TOABr solution is injected into the three-neck flask. After 10
seconds, the heating mantle is removed and cooled in a water bath. The as-prepared
CsPbBr3 QD solution was purified by adding acetone at a ratio of 1:2 (toluene:acetone)
and subsequently centrifuged at 10000 rpm for 30 min.

This washing step was

performed twice. The supernatant was discarded and the purified CsPbBr 3 QDs were
redispersed in heptane (2 ml). The QD solution was centrifuged at 8000 rpm for 10 min
to remove any possible aggregates in solution and the remaining supernatant was used
as the final CsPbBr3 QD solution.

3.2 Film deposition & patterning methods
3.2.1 Preparation of QD films
QD films are fabricated by spin-coating a QD heptane solution of ~60 mg/mL at
1000 rpm for 1 minute. The film thickness ranged from 150-250 nm in order to support
only the first waveguide mode.

The QD films were deposited on CYTOP (AGC

Chemicals) coating, which has a sufficiently low refractive index (n 650 = 1.34) to provide
light confinement and waveguiding within the QD film. The CYTOP was exposed to air
or Ar plasma for 5 seconds in order to improve the wetting of CYTOP by QDs. Silicon,
with a 290-295 nm thick SiO2 surface layer, was used as a substrate since its large
extinction coefficient attenuates much of the light that leaks into the substrate. The
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attenuation of light that leaks from the QD film into the Si substrate ensures that the light
detected at the edge is the light that has propagated through the QD film. The substrate
was cleaved to obtain sharper, cleaner edges to improve the intensity of the output light
and ensure that the area of the film exposed to the pump light was uniform over the
length of the pump strip length.

3.2.2 Patterning of Cd-based QD microdisk lasers
The patterning process used for fabricating QD microdisks includes several stages. First,
a low refractive index layer of CYTOP (n = 1.34) was deposited on the Si wafer (n = 3.44)
in order to provide light confinement within the QD cavities. A short oxygen plasma etch
(5 seconds) was performed to improve the wettability of the CYTOP surface for the
deposition of the negative photoresist (NR 71-3000p). Ethyl lactate was added to the
negative resist NR71-3000p solution to dilute it to one third of the original concentration
provided by the company. The diluted resist was spun cast on the silicon substrate
(3000 rpm for 1 minute).

The cast film was subsequently soft baked at 165 ℃ for

5 minutes and exposed to 365 nm with a dosage of 123mW. The exposed film was then
post-baked at 100℃ for 5 minutes and developed by soaking in RD6 developer for 5 sec.
After the development, the film was rinsed with water and dried by blowing with air. The
QD microdisks were fabricated by spin casting butylamine-capped QD solution (in
heptane) of ~3-6 mg/mL at 1000 rpm for 1 minute onto the polymer pattern. The cast
layer was subsequently immersed in 0.1M diaminoheptane solution in methanol for
1 minute and rinsed with methanol 2 times while spinning at 3000 rpm for 1 minute. The
above process was repeated multiple times to achieve the desired thickness.
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The

polymer pattern was subsequently removed by soaking in acetone while sonicating for 310 seconds.

3.2.3 Orthogonal lithography patterning process
The patterning process used for fabricating QD patterns includes several stages. First,
thinning solvent 700 was added to the OSCoR SL 1 resist solution to dilute it to half of
the original concentration provided by the company. The diluted resist was spun cast on
the silicon substrate to form a 400nm thick film (2000 rpm for 1 min). The cast film was
baked at 100℃ for 1 min to remove the residual solvent. Short oxygen plasma etching
(5 sec) was performed to improve the wettability of the OSCoR SL 1 film surface for the
deposition of the negative photoresist (NR 71-3000 p). Ethyl lactate was added to the
negative resist NR71-3000p solution to dilute it to one third of the original concentration
provided by the company. The diluted resist was spun cast on top of OSCoR SL 1 film
surface (3000 rpm for 1 minute). The cast film was subsequently soft baked at 100℃ for
5 minutes and exposed to 365 nm with a dosage of 123mW. The exposed film was then
post-baked at 100℃ for 5 minutes and developed by soaking in RD6 developer for 5 sec.

After the development, the film was rinsed with water and dried by blowing with air.
Plasma etching (300W) with fixed gas flow at 45 sccm (O 2) and 5 sccm (Ar) was
performed for 60 seconds in order to etch the underlying OSCoR SL 1 resist. CsPbBr3
QD solution was spun cast (1000rpm for 1 minute) on the patterned templates. The
sample was subsequently immersed into Orthogonal Stripper 700 for an hour to dissolve
the OSCoR SL 1 resist and lift off the photoresist along with the attached CsPbBr3 QD
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assemblies. To fabricate QD microdisk arrays, a low refractive index layer of CYTOP
(n = 1.34, 1.5µm thick) was deposited on the Si wafer (n = 3.44) prior to the deposition of
OSCoR SL 1 resist, in order to provide light confinement within the QD cavities.

3.3

Fourier transform infrared spectroscopy (FTIR)

ATR-FTIR measurements of crosslinked and non-crosslinked QD films were conducted
using a Bruker FTIR spectrometer Vertex 70 equipped with a narrow-band mercury
cadmium telluride detector in accordance with a procedure described previously. 3 Noncrosslinked QD films were deposited on the silica crystal by spin coating 30 μL of a
butylamine (BA)-capped QD heptane solution at 1000 rpm for 1 minute.

After the

measurement of non-crosslinked QD films, the as-deposited film was soaked in a 0.1 M
methanol solution of 1,7 diaminoheptane (DIAH) to perform the solid-state ligand
exchange. FTIR spectra were collected in the range of 4000-900 cm -1 with a resolution
1 cm -1. An accumulation of 10 scans was analyzed to confirm the successful chemical
transformation.

3.4

Thermal gravimetric analysis (TGA)

The mass fraction of the QDs in solution was determined by analyzing the amount of
mass present versus temperature using a thermal gravimetric analysis (TGA) instrument
(TA Instruments TGA Q50) with a 100 uL open platinum pan. Samples were analyzed
by first equilibrating at 30°C followed by ramping of the temperature to 600°C using a
10°C/min temperature profile under a constant flow of nitrogen. Volume fractions of the
organic and inorganic components were calculated using the bulk density of each
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component. TGA measurements were typically made by Marcus Smith (Prof. Vladimir
Tsukruk’s group, Georgia Institute of Technology).

3.5

Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance was used to examine how effectively the new QD ligand
displaced the original QD ligand by examining changes in peak intensity, shifts in peak
position, and the emergence of new peaks. Measurements were made using a Varian
Mercury 400 NMR instrument with samples in deuterated chloroform.

All NMR

measurements were performed by our collaborators (Dr. Jaehan Jung in Prof. Lin’s
research group, Georgia Institute of Technology).

3.6

SEM / TEM

SEM characterization was performed on a Hitachi S-3400N SEM with a back scattered
electron detector with an accelerating voltage in the range of 5-10 kV.

The interparticle distance and size of CdSe/Cd1-xZnxSe1-ySy QDs was studied using a
high-resolution transmission electron microscope (Tecnai F30). An accelerating voltage
of 300 keV was used. TEM samples were prepared by diluting the original QD solution
of ~6 mg/mL 30 times. 5-10 µL of the diluted solution was then drop-cast on the TEM
grid and allowed to dry completely. The DIAH-tethered QD sample was prepared by
making the BA-capped QD sample and then subsequently performing the crosslinking
process for 1 hour.
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3.7

Atomic force microscopy (AFM)

Atomic force microscopy (AFM) images were collected using an Icon microscope
(Bruker) in tapping mode according to usual procedure. 4 MikroMasch pyramidal silicon
tips were used with a height of 15 µm and a cantilever length of 150 µm. Scan sizes
ranging from 1 µm to 60 µm (on a side) with a scan rate in the range of 0.3-0.8 Hz.

3.8

Optical microscopies (bright field, dark field,
photoluminescence)

Dark field, bright field, and photoluminescence images were collected using a CytoViva
hyperspectral system with a Dagexcel-M Digital Firewire camera (cooled) installed on
optical microscope (Olympus bx51) and a 50x. PL imaging was performed using
photoluminescence excitation from a blue bandpass filter (450-490 nm) with a dichroic
mirror that reflects optical wavelengths below 495 nm, and with a longpass emission
filter that passes optical wavelengths above 500 nm.

The light source is a quartz

halogen lamp with an aluminum reflector providing a wavelength range of 420−850 nm
and a power of 150 W of unpolarized light.
Chroma Technology Corp.

All filters and dichroic mirror are from

The light source was a quartz halogen lamp with an

aluminum reflector providing an emission range of 420-850 nm and a maximum power of
150 Watts.

3.9

Spectroscopic ellipsometry

The QD films were examined using a spectroscopic ellipsometer from Woollam
(model M2000) with a wavelength range of 245-1000 nm and a rotating compensator
configuration.

Film thickness was determined by applying a cauchy model to the

transparent region of the optical spectrum. The refractive index at 650 nm (also in the
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transparent region) was estimated using the cauchy model.

QD-loading (volume

fraction) was determined by applying the effective medium approximation Bruggeman
model to the refractive index at 650 nm to fit for the volume fraction of QDs in the film
(with thickness treated as a constant). The refractive index of CdSe/Cd1-xZnxSe1-ySy QD
was approximated using the refractive index of bulk CdSe (nbulk = 2.4), and the refractive
index value of the ligand at 650 nm was adjusted according to the ligand content.5

3.10 UV-vis and fluorescence spectroscopy
UV-vis extinction spectra of QD solutions (quartz cuvette) from 350-900 nm (1 nm
intervals) were collected using a Shimadzu UV-vis-2450 spectrometer with D2 and
tungsten lamps offering a wavelength range of 300-1100 nm. The QD extinction spectra
were corrected against the pure solvent background and the same quartz cuvette.
Photoluminescence spectra of QD solutions were collected using a Shimadzu RF5301PC spectrofluorophotometer with the excitation wavelength of 525 nm.

3.11 Photoluminescence stability measurement
PL from QD films were collected from hyperspectral datacubes. Hyperspectral
datacubes were collected using a CytoViva hyperspectral imaging system utilizing a
diffraction grating spectrophotometer with a spectral range of 400-1000 nm and a
spectral resolution of 2.8 nm. A 10x objective (NA: 0.30) was used to scan the surface
with scans of 50 lines with an automated stage (10 nm step size scan resolution). A
0.1 second exposure time (per line) was used. Hyperspectral scans were performed
using the blue bandpass filter (450-490 nm) excitation setup. The light source was the
quartz halogen lamp with an aluminum reflector. Spectra were collected and averaged
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from hundreds of points on the sample. The lamp power was set to 1 mW for all
measurements.

Hyperspectral images were collected using a CytoViva Hyperspectral imaging system
utilizing a diffraction grating spectrophotometer with a spectral range of 420-1000 nm
and a spectral resolution of 2.8 nm.

3.12

Hyperspectral scanning and imaging

For scanning the QD arrays of circle patterns, a 50x dark field objective (NA: 0.90) in
reflectance mode was used to scan the surface with scans of 1392 x 100 lines with an
automated stage with a 10 nm step size scan resolution. A 0.5-1 second exposure time
(per line) was used when using non-polarized light. The light source is a Quartz halogen
lamp with an aluminum reflector providing a wavelength range of 420-850 nm and a
power of 150 Watts.

3.13 Quantum yield (QY) estimation
Quantum yields of QDs dispersed in hexane and chloroform are determined by the
relative quantum yield method. 6 Standard samples, rhodamine 101 (QY = 91.5%),
dissolved in ethanol was used to determine QDs emitting at red regions while rhodamine
6G (QY = 95%) dissolved in ethanol was used to determine QDs emitting at green
regions. UV−vis extinction spectra of QD solutions (quartz cuvette) from 350 to 900 nm
(1 nm intervals) were collected using a Shimadzu UV− vis-2450 spectrometer with D2
and tungsten lamps offering a wavelength range of 300−1100 nm. The QD extinction
spectra were corrected against the pure solvent background and the same quartz
cuvette. Photoluminescence spectra of QD solutions were collected using a Shimadzu
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fluorescent RF- 5301PC spectrofluorophotometer with the excitation wavelengths of 525
nm for red emitting QDs while 480nm was used for green emitting QDs.

All the

extinction values of solutions are diluted to be less than 0.1 before measurement in
order to avoid the reabsorption effect.

3.14 Optical gain and loss measurements
Measurements are done by collaborator, Prof. Valy Vardeny group in the University of
UTAH.

The third harmonic (355 nm) of a Spectra Physics Quanta-Ray INDI-series

Pulsed Nd:YAG laser (pulse width of 5-8 ns, repetition rate of 10 Hz) was used directly
as a seed for a GWU-Lasertechnik basiScan Beta-Barium Borate Optical Parametric
Oscillator, producing tunable pulses of 440 with a 25 mJ maximum pulse power (pulse
width of 3-7 ns). For the variable stripe length (VSL) gain measurements, the excitation
beam was shaped into a stripe of 125 μm width using a cylindrical lens (15 cm focus
length), and the stripe length was controlled by a pair of blades mounted on
mechanically controlled stages that provided an adjustable slit. Only the central 10 % of
the beam was used to minimize pump inhomogeneity due the Gaussian intensity profile.
The pump beam intensity, Ipump, was varied by means of a pair of polarizers. One end of
the stripe excitation was placed on the cleaved edge of the film while the length of the
excitation stripe was progressively increased. 7
The emission from the edge was collected with a 1 mm diameter fiber and recorded
using a commercial spectrometer (Ocean Optics USB4000; resolution 2 nm).

Gain

values were extracted according to the model proposed by Malko et al. 8 Loss
measurements were conducted in the same experimental geometry. In this case, the
length of the excitation stripe was held constant, while the distance of the stripe from the

74

edge of the film, d, was varied by simultaneously varying the position of both blades. As
the emission propagates towards the collecting fiber, it experiences attenuation by
scattering and reabsorption from the unexcited region of the film. The decay of the
collected emission signal with increasing distance from the edge was fit to an
exponential I(d) = I(0) exp(-αd) to extract the loss coefficient α.

3.15 Finite-difference time-domain (FDTD) modeling
Confinement factor was calculated using Lumerical Mode Solutions. The model was
based on the real QD system, with a stack of 5 layers: Si (3 μm)/ SiO2(292 nm)/
CYTOP(1.5 μm)/ QD(varied thickness)/ air(5 μm). The power confined in the QD layer
was integrated by using the option of power and intensity integration.

3.16 Confocal micro-photoluminescence measurement
Measurements are done by collaborator, Prof. Valy Vardeny group in the University of
UTAH. A Passat LTD. Compiler diode-pumped solid-state laser delivering 7ps pulses at
532nm with 100Hz repetition rate was used to pump the samples. A pair of polarizers
was used to control the pump fluence, Ip, while an iris was used to control the beam spot
size. The pump is directed through a 40x (NA = 0.65) microscope objective using a
dichroic mirror and focused on the sample. The emission is collected through the same
objective, transmitted through the dichroic mirror and focused onto a 0.5mm diameter
optical fiber coupled to a 1/2m spectrometer and CCD array (resolution = 0.29nm) or
collimated and projected onto a camera lens for fluorescence imaging. An additional
long pass filter is used to further attenuate the reflected pump beam.
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3.17 Femtosecond-transient absorption
Pump-probe transient absorption spectroscopy was measured by Yaxin Zhai in
University of UTAH using a homemade Ti:sapphire laser oscillator operating at a 1 kHz
repetition rate at 800 nm of 150 fs pulse duration. The laser beam was split into two
beams. One beam was subsequently frequency doubled to 400 nm with pulse energy of
10 μJ using a BaBO2 nonlinear crystal and used to pump the sample, while the other
was used to generate a white light supercontinuum with an energy range of 1.15 eV to
2.7 eV to serve as the probe beam. The pump and probe beams were carefully adjusted
to obtain a complete spatial overlap.

The transmission of the probe beam, T, is

measured by a photodiode after dispersion by a monochromator in the absence of the
pump and at various time delays after the pump arrives at the sample, yielding the
normalized pump-induced change in transmission, ΔT(λ, t)/T.7
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3.18 Collaborative efforts
A great amount of the work described in this thesis was done in collaboration with
Professor Z. Lin’s research group in Georgia Institute of Technology and Professor
Vardeny’s research group in University of Utah. Synthesis of QDs were all done and
obtained from Professor Z. Lin’s research group.

The gain measurement, transient

absorption and confocal micro-photoluminescence measurement were done by
Professor Vardeny’s research group (University of Utah).
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CHAPTER 4
CRAFTING CORE/GRADED SHELL/SHELL QUANTUM
DOTS WITH SUPPRESSED RE-ABSORPTION AND
TUNABLE STOKES SHIFT
4.1 Introduction
Semiconductor quantum dots (QDs) possess size-dependent optical and electronic
properties due to their quantum confinement effect. This opens up opportunities for
revolutionary advances in solar cells, 1,2,3,4,5 lasers, 6 solar concentrators, 7 light emitting
diodes, 8 , 9 optical amplifiers, 10 and bioimaging. 11 The solution processability of QDs
enabled by the capping of organic ligands renders the easy incorporation of colloidal
QDs in polymer matrix and expands the possibilities for development of scalable and
low-cost manufacturing techniques. Among various types of QDs, CdSe QD is one of
most appealing and widely studied inorganic semiconductors due to its optimum
bandgap corresponding to emission in the visible region.

Moreover, their emission

wavelength can be readily tuned by varying the size of CdSe QD. 12, 13 ,14 ,15 ,16 ,17 ,18 ,19
However, the utilization of CdSe QD in optoelectronic devices is hindered due to the
unstable optical properties resulting from the surface dangling bonds which act as
nonradiative recombination sites. To this end, surface passivation by organic ligands is
employed to reduce surface dangling bonds in CdSe QD, thereby leading to enhanced
luminescence efficiency and improved photo and colloidal stability. 20 However, the
difficulty in passivating the entire surface (i.e., anionic and cationic sites) with organic
ligands still causes chemical degradation or photo-oxidation of QDs.21 In this context,
inorganic surface passivation has been proven to be effective in completely covering the
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surface of QD, yielding core/shell architecture. For CdSe QD, its surfaces are often
passivated with either ZnS or CdS to establish Type I energy alignment system, where
the bandgap of CdSe lies within the band gap of shell material.
It is worth noting that to realize the utility of CdSe QDs as lasing media, it is of key
importance to reduce ultrafast optical gain decay induced by Auger recombination, in
which the electron-hole recombination energy is transferred to a third particle such as an
electron or a hole that is re-excited to a higher-energy state.10 The Auger recombination
rate depends heavily on the size of CdSe nanocrystals. 8 It has been demonstrated that
the implementation of larger CdSe QDs and CdSe QDs with graded shell architecture
can reduce Auger recombination rate. 22 In this context, giant CdSe/CdS core/shell QDs
(denoted CdSe/CdS g-QDs in which small CdSe core was passivated by large CdS
shell) synthesized by the successive ion layer adsorption and reaction of monolayers
(SILAR) method exhibited the reduced surface trapping and Auger recombination. 12,22
Moreover, they displayed the pronounced red-shift of emission peak, which is the
indicative of the extension of CdSe core wave function into the CdS shell region, that is,
the increase of effective size of core.22

Interestingly, the first absorption peak of

CdSe/CdS g-QDs is relatively suppressed as well due to the absorption primarily from
thick CdS shell as the bandgap of CdS is larger than that of CdSe. However, achieving
the re-absorption-suppressed CdSe/CdS g-QDs with emission position over the entire
visible region is limited due to the large bandgap of CdS (e.g., 2.42 eV; corresponding to
an onset of absorption at 512 nm) compared to CdSe. In addition, g-QDs are typically
prepared by SILAR method, which requires time-consuming multi-steps to epitaxially
deposit the desired shell material. Clearly, it is highly desirable to develop alternative
simple yet robust synthetic routes to g-QDs.
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Here, we report a viable strategy to craft highly luminescent CdSe/Cd 1-xZnxSe1-ySy/ZnS
core/graded

shell/shell

QDs

with

suppressed

re-absorption,

reduced

Auger

recombination, and tunable Stokes shift. The plain CdSe QDs with desired emission
were first synthesized and used as seeds. Cd1-xZnxSe1-ySy shell possessing chemical
composition gradient toward the radial direction was then grown on the CdSe QD
surface, forming CdSe/Cd1-xZnxSe1-ySy QDs. Notably, the graded Cd1-xZnxSe1-ySy shell
was simply achieved by a one-pot synthesis via capitalizing on the chemical reactivity
difference between cadmium oleate and zinc oleate precursors. 23 Subsequently, ZnS
shell was further passivated on the surface of CdSe/Cd 1-xZnxSe1-ySy QD via secondary
injection of S precursors, yielding CdSe/Cd1-xZnxSe1-ySy/ZnS core/graded shell/shell
QDs.

The size and shape of QDs was examined by high-resolution TEM.

The

absorption and photoluminescence studies of CdSe/Cd 1-xZnxSe1-ySy/ZnS QDs revealed
the dependence of emission peak position on the ZnS shell thickness. These chemical
composition gradient QDs possess the outstanding photo-stability as a result of the
alleviated lattice strain between CdSe and ZnS due to the judicious incorporation of Cd 1xZnxSe1-ySy

graded shell.

Moreover, the Stokes shift (i.e., the difference between

absorption and emission maxima) of these QDs with the graded shell architecture can
be readily engineered by simply further tailoring the thickness of outermost ZnS shell
(i.e., red-shift with the increased ZnS shell thickness), which cannot be observed in
conventional CdSe/ZnS QDs owing to their large energy level mismatch. 24 It is also
notable that CdSe/Cd1-xZnxSe1-ySy/ZnS QDs are advantageous over giant CdSe/CdS
QDs as the larger bandgap of ZnS than CdS offers a high degree of tunability in
selecting the emission position in visible region due to the suppression of re-absorption
of QDs.

In comparison to plain CdSe QDs, all CdSe/Cd1-xZnxSe1-ySy/ZnS QDs with

different emission positions exhibited the extended lifetime, signifying the reduced Auger
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recombination rate as a direct consequence of electron wave function delocalization
over the entire QD.

4.2 Experimental details
Preparation of green-emitting CdSe QDs with a diameter of 2.3 nm and 2.5 nm:
TDPA-capped CdSe QDs were synthesized by following a reported method. 25 A mixture
of CdO (51 mg), TDPA (223 mg), and TOPO (3.777g) was degassed in a three neck
flask for 1 hr at 120 C. The temperature was then increased to 320 C under Ar.
Subsequently, 1M Se/TOP injection solution was prepared in a glovebox.

After the

solution turned clear and colorless, the temperature was set to 300 C and 1ml of
injection solution was then introduced to initiate the nucleation and growth. The heating
mantle was removed to stop reaction after CdSe QDs were allowed to grow at 300 C for
10 sec and 15 sec to reach the diameter of 2.3 nm and 2.5 nm, respectively. 5 ml of
hexane was added when the solution was cooled to 60 C. The resulting TDPA-capped
CdSe QDs were precipitated with methanol twice and then re-dispersed in chloroform.

Preparation of red emitting CdSe QDs with a diameter of 4.1 nm: high quality OAcapped red-emitting CdSe QDs were prepared by slightly modifying a reported method. 8
A mixture of CdO (1 mmol), OA (4 mmol), ODE (15 ml) were degassed in a three-neck
flask for 1 hr at 120 C. After that, the temperature was increased to 280 C under Ar,
where the solution turned transparent. 0.5 ml of 1 M Se/TOP solution prepared in a
glovebox was injected to initiate the nucleation and growth. The heating mantle was
removed to stop reaction after 5 min. Once temperature reached 60 C, 5 ml of hexane
was added. The resulting OA-capped CdSe QDs were precipitated with methanol twice
and then re-dispersed in desired solvent.
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Preparation of conventional CdSe/ZnS core/shell QDs: CdSe/ZnS core/shell QDs
were synthesized by following a reported method.

26

Diethylzinc (ZnEt2) and

hexamethyldisilathiane ((TMS) 2S) were used as Zn and S sources, respectively. First,
0.2 μ mol of TDPA-capped CdSe QDs (i.e., green-emitting CdSe QDs as described
above) were introduced as seed in 2g of HDA and 1g of TOPO, and degassed at 120 C
for 1 hr. After that, the temperature was elevated to 220 C. 0.05 ml ZnEt2 and 0.15 ml
of (TMS)2S dissolved in 1ml of TOP were then injected dropwise. The heating mantle
was removed to stop reaction after 60 min.

Preparation of graded CdSe/Cd1-xZnxSe1-ySy/ZnS core/shell QDs: 10 ml of asprepared Cd-oleate and Zn-oleate in ODE described above was placed in a 50ml three
neck flask. The temperature was then increased to 250 C under Ar. Subsequently, the
injection solution containing 0.1 mmol of Se and 4 mmol of S in 2 ml of TOP was
prepared in a glove box. After the solution turned transparent, the temperature was set
to 250 C. 0.2 μmol plain CdSe QDs (i.e., two green-emitting QDs (D = 2.3 nm and 2.5
nm, respectively) and one red-emitting QDs (D = 4.1 nm) as described above) were then
introduced, and the as-prepared injection solution was added dropwise (forming
CdSe/Cd1-xZnxSe1-ySy QDs). In order to further passivate CdSe/Cd1-xZnxSe1-ySy QDs with
ZnS shell (forming CdSe/Cd1-xZnxSe1-ySy/ZnS QDs), 0.5 M S/TOP solution was added
(as Zn precursors were previously added in excess, the addition of Zn was not needed
at this stage). The heating mantle was removed to stop reaction after 90 min. Once
temperature reached 60 C, 5 ml of hexane was added as solvent to prevent the
solidification.

The resulting CdSe/Cd1-xZnxSe1-ySy/ZnS QDs were precipitated with

acetone twice and then re-dispersed in desired solvent.
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Characterizations: The morphology of as-prepared CdSe QDs, CdSe/ZnS QDs,
CdSe/Cd1-xZnxSe1-ySy QDs and CdSe/Cd1-xZnxSe1-ySy/ZnS QDs was examined by highresolution transmission electron microscope (Tecnai F30).

Their absorption and

emission spectra were recorded using a UV-vis spectrometer (UV-2600, Shimadzu) and
a spectrofluorophotometer (RF-5301PC, Shimadzu), respectively.

In the transient

photomodulation (PM) spectroscopy measurement, the pump pulse excites the sample
and the mechanically delayed probe pulse measures the pump-induced changes ( T(t))
in the sample transmission (T). We used a Ti : Sapphire oscillator based laser system at
high power (energy/pulse ~10 J) and low repetition rate (~1 kHz) for the visible spectral
range, in which the white light super-continuum was generated for ћ

(probe) ranging

from 1.15 to 2.7 eV. The pump excitation was set at ћ =3.1 eV (400nm), which is above
the optical gap of the studied QDs here. The PM spectrum may contain photoinduced
absorption (PA) bands with

T < 0 due to the excited state absorption, and

photoinduced bleaching (PB) with

T > 0 caused by pump-induced bleaching of the

ground state absorption.

4.3 Results and discussion
4.3.1 Synthesis of QDs with different core/shell design
Highly luminescent CdSe/Cd1-xZnxSe1-ySy core/shell QDs were synthesized by
passivating the surface of plain CdSe QD core with the graded Cd 1-xZnxSe1-ySy shell. The
radially graded Cd1-xZnxSe1-ySy shell on CdSe QD surface was formed via a careful
control of the ratio of Cd and Zn precursors. A further epitaxial growth of ZnS shell
through secondary injection of S precursors (i.e., S/TOP) yielded CdSe/Cd 1-xZnxSe1ySy/ZnS

core/graded shell/shell QDs. It is worth noting that the graded Cd1-xZnxSe1-ySy
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shell was achieved by simply exploiting the difference in chemical reactivity of cadmium
and zinc precursors (i.e., Cd-oleate and Zn-oleate). Specifically, the weaker binding
energy of oleic acid with Cd2+ than that with Zn2+ resulted in a higher reactivity of Cdoleate than Zn-oleate during the crystal growth reaction.23, 27

Consequently, the

formation of CdSe and CdS is more favorable than ZnSe and ZnS, yielding Cd 1-xZnxSe1ySy

shell with a gradual increase of Zn and S ratio over Cd and Se. 23 It is important to

note that the energy level of the resulting CdSe/Cd 1-xZnxSe1-ySy/ZnS QDs with gradient
chemical compositions can be regarded as the graded smooth alignment rather than the
sharp interface as in conventional CdSe/ZnS QDs as depicted in Figure 4.1.

Figure 4.1 The energy level alignment for (a) CdSe/ZnS QDs, and (b) CdSe/Cd1-xZnxSe1ySy/ZnS QDs.
Moreover, the graded shell architecture can effectively reduce the interfacial lattice strain
between CdSe and ZnS (i.e., a 12% lattice mismatch between CdSe and ZnS), which
would otherwise lead to a dramatic increase in trapping sites with the increase of ZnS
shell thickness.12,2612, 26
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Figure 4.2 shows high-resolution TEM images of chemical composition gradient QDs
prepared at 300 C using 2.3-nm green-emitting CdSe QD as seeds. The diameter of
QDs increased from 2.3±0.1 nm for as-prepared CdSe QD core (Figure 4.2a) to 4.4±0.2
nm for CdSe/Cd1-xZnxSe1-ySy QDs (Figure 4.2b) to 6.0±0.2 nm for CdSe/Cd1-xZnxSe1ySy/ZnS

QDs (grown for 30 min), and eventually to 8.4±0.4 nm for CdSe/Cd1-xZnxSe1-

ySy/ZnS

QDs (grown for 90 min) clearly suggesting the success in depositing Cd1-

xZnxSe1-ySy graded

shell and subsequent ZnS shell. The CdSe/Cd1-xZnxSe1-ySy/ZnS QDs

also possessed high crystallinity as revealed by TEM (for example, Figure 4.2d).

Figure 4.2 TEM images of (a) plain CdSe QDs as core (green-emitting; D = 2.3 nm),
(b) CdSe/Cd1-xZnxSe1-ySy QDs (D = 4.4 nm), (c) CdSe/Cd1-xZnxSe1-ySy/ZnS QDs (D =
6.0 nm), and (d) CdSe/Cd1-xZnxSe1-ySy/ZnS QDs (D = 8.4 nm). All chemical composition
gradient QDs were synthesized using 2.3-nm green-emitting CdSe QDs as seeds at
250 C.
Optical properties of as-synthesized CdSe/Cd1-xZnxSe1-ySy/ZnS QDs containing the
chemical

composition

gradient

shell

were
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investigated

by

absorption

and

photoluminescence spectroscopy measurements.

The conventional CdSe/ZnS QDs

were also synthesized and used as control.

4.3.2 Spectroscopic analysis
In order to scrutinize the effect of graded shell on the change in absorption (i.e., the first
absorption peak) and emission properties (i.e., emission peak) and quantum yield (QY),
plain CdSe QDs were passivated with both graded shell (i.e., Cd 1-xZnxSe1-ySy) and
graded shell/shell (i.e., Cd1-xZnxSe1-ySy/ZnS), respectively. The absorption and emission
spectra of tetradecylphosphonic acid (TDPA)-capped CdSe QDs (D = 2.3 nm; greenemitting) with the first absorption peak at 488 nm, emission peak,

em

at 500 nm, FWHM

of emission at 29 nm, and QY of 2.2% are shown in Figure 4.3a and 3b (black curves).
We note that TDPA was utilized for the synthesis of CdSe core QDs as it enables the
preparation of CdSe QDs with a narrow size distribution.28 After passivation of CdSe
core with Cd1-xZnxSe1-ySy graded shell and ZnS shell, QYs of both QDs enhanced, that is
(i.e., from 2.2% for CdSe QD core to 40.0% for CdSe/Cd1-xZnxSe1-ySy QDs (D = 4.4 nm;
blue curve in Figure 4.3b), and from 2.2% for CdSe QD core to 36.7% for conventional
CdSe/ZnS QDs (D = 3.7 nm; blue curve in Figure 4.3a), respectively, which was due to
the reduction in surface dangling bonds.26, 29

The FWHM of emission peaks was

maintained in both QDs (i.e., 32 nm; Table 4.1) as highly monodisperse TDPA-capped
CdSe QDs were employed as seeds. The emission peak position of CdSe/Cd1-xZnxSe1ySy

QDs and CdSe/ZnS QDs was shifted from

em

= 499 nm for CdSe QDs to

em

= 515

nm in both cases. This can possibly be attributed to the increase in the size of CdSe
core during the reaction due to the existence of residue cadmium and selenium
precursors.26
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Figure 4.3 The absorption and emission spectra of (a) CdSe/ZnS QDs and (b)
CdSe/Cd1-xZnxSe1-ySy/ZnS QDs, in which the diameter of originally green-emitting CdSe
QD core, D is 2.3 nm. All CdSe/ZnS, CdSe/Cd1-xZnxSe1-ySy, and CdSe/Cd1-xZnxSe1ySy/ZnS QDs were grown from green-emitting CdSe QD at 250 C.

Table 4.1 The optical properties of conventional CdSe/ZnS QDs and CdSe/Cd 1xZnxSe1-ySy/ZnS QDs.
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Notably, conventional CdSe/ZnS core/shell QDs without gradient shell, where the
emission position stayed same (i.e., approximately

em

= ~ 517 nm; Figure 4.3a)

regardless of the increase of ZnS shell thickness because of large energy level
difference between CdSe and ZnS (Figure 4.1a), leading to the electron localization
solely in CdSe core (Figure 4.3a and Table 4.1). Specifically, conventional CdSe/ZnS
QDs with different shell thickness were prepared as control by changing the reaction
time from 10 min (blue curve, D = 3.7 nm; Figure 4.3a) to 30 min (green curve, D = 5.1
nm; Figure 4.3a) to 90 min (red curve, D = 6.5 nm; Figure 4.3a). Clearly, even for
CdSe/ZnS QDs with a D of 6.5 nm corresponding to 7 monolayers of ZnS shell (a
monolayer of ZnS is 3.1 Å between consecutive planes along the [002] axis in bulk
wurtzite ZnS),26 they did not exhibit a red-shift in emission peak. In stark contrast, the
emission peak of chemical composition gradient QDs was further red-shifted (i.e., to

em

= 543 nm for CdSe/Cd1-xZnxSe1-ySy/ZnS with D = 6.0 nm; green curve in Figure 4.3b)
and further up to

em

= 550 nm for CdSe/Cd1-xZnxSe1-ySy/ZnS with D = 8.4 nm; red curve

in Figure 4.3b) (Table 4.1), and quite intriguingly, their first absorption peaks were
greatly suppressed.
As evidenced by the TEM measurements (Figure 4.2c and 2d), the increased diameter
of QDs suggested the successful passivation of outermost ZnS shell, and thus possibly
renders the delocalization of electron wave function into entire CdSe/Cd 1-xZnxSe1ySy/ZnS

QDs because of the graded energy level alignment (Figure 4.1b),7,22 thereby

leading to the emission red-shift. Therefore, compared to conventional CdSe/ZnS QDs,
the enhanced Stokes shift in CdSe/Cd1-xZnxSe1-ySy/ZnS QDs can be ascribed to the
increased effective core size of QDs through a careful energy level engineering,
enabling the extension of electron wave function over entire core/grade shell/shell QDs.
However, the electron wave function is confined within CdSe core in the case of
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conventional CdSe/ZnS QDs.

It is also worth noting that the absorption onset of

CdSe/Cd1-xZnxSe1-ySy/ZnS QDs was found to be around 400 nm, which is indicative of
the bandgap of ZnS (Figure 4.3b).30
As noted above, the advantage of CdSe/Cd1-xZnxSe1-ySy/ZnS QDs over CdSe/CdS gQDs lies in the fact that such chemical composition gradient QDs with emissions across
the entire visible region can be crafted due to the larger bandgap of ZnS (i.e., 3.54 eV
corresponding to the absorption onset at 350 nm) in comparison to that of CdS (i.e., 2.42
eV corresponding to the absorption onset at 512 nm). However, for CdSe/CdS g-QDs,
such full visible-region emission is not possible (for example, blue- and green-emitting
cannot be attainable) as the emission at wavelength below 512 nm will be re-absorbed
by CdS shell. In contrast, a careful control of thickness and composition in graded shell
and outermost ZnS shell may render the ability to form green-emitting CdSe/Cd1-xZnxSe1ySy/ZnS

core/grade shell/shell QDs with suppressed re-absorption via imparting the

larger Stokes shift as the absorption onset for ZnS shell is below blue wavelength (i.e.,
350 nm).

Figure 4.4 Absorption and photoluminescence spectra of green-, orange-, and redemitting CdSe/Cd1-xZnxSe1-ySy/ZnS QDs synthesized by employing green-emitting CdSe
QD (D = 2.3 nm), green-emitting CdSe QD (D = 2.5 nm), and red-emitting CdSe QD (D
= 4.1 nm) as seeds.
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Thus, it is not surprising that CdSe/Cd1-xZnxSe1-ySy/ZnS QDs having different emissions
with suppressed re-absorption were successfully synthesized by simply employing CdSe
core of different size (Figure 4.4).
Specifically, plain CdSe QDs of 2.3 nm (green-emitting), 2.5 nm (also green-emitting),
and 4.1 nm (red-emitting) in diameter were utilized as seeds to produce green-, orange-,
and red-emitting CdSe/Cd1-xZnxSe1-ySy/ZnS QDs, respectively (digital images in
Figure 4.5a-c). The diameters of plain CdSe QD cores were calculated based on their
first absorption peak (λ1st, abs = 499 nm, 520 nm, and 588 nm, respectively) 20 and can be
verified by TEM measurements (for example, 2.3-nm CdSe QD as shown in
Figure 4.1a).

The diameters of the resulting green-, orange-, and red-emitting

CdSe/Cd1-xZnxSe1-ySy/ZnS QDs were 8.4±0.3 nm, 8.5±0.3 nm, and 8.1±0.3 nm,
respectively, as measured from TEM analysis (Figure 4.5d-f).

Figure 4.5 High-resolution TEM images of (a) green-, (b) orange-, and (c) red-emitting
CdSe/Cd1-xZnxSe1-ySy/ZnS QDs prepared by capitalizing on green-emitting CdSe QD (D
= 2.3 nm), green-emitting CdSe QD (D = 2.5 nm), and red-emitting CdSe QD (D = 4.1
nm) as seeds. The scale bar in inset is 10 nm.
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4.3.3 Suppressed Auger recombination
The transient photomodulation (PM) spectroscopy measurements revealed that
compared to plain CdSe QDs, all chemical composition gradient QDs exhibited the
reduced Auger recombination rate (Figure 4.6). All samples were pumped with 400-nm
laser and the range of their first absorption was probed. Clearly, green-, orange-, and
red-emitting CdSe/Cd1-xZnxSe1-ySy/ZnS QDs presented the extended lifetime compared
to that of red-emitting CdSe core QDs (D = 4.1 nm), signifying the reduced Auger
recombination rate. 31 In conjunction with pronounced larger Stokes shift, the longer
Auger recombination life time strongly supports the electron delocalization over entire
CdSe/Cd1-xZnxSe1-ySy/ZnS QDs as the Auger recombination rate is proportional to the
volume of QDs.31

Figure 4.6 Dynamics of photobleaching of red-emitting CdSe core QDs (D = 4.1 nm),
red-emitting CdSe/Cd1-xZnxSe1-ySy/ZnS QDs (D = 8.1 nm), orange-emitting CdSe/Cd1xZnxSe1-ySy/ZnS QDs (D = 8.5 nm), and green-emitting CdSe/Cd1-xZnxSe1-ySy/ZnS QDs
(D = 8.4 nm).
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4.4 Conclusions
In summary, we developed a robust one-pot synthesis strategy to craft chemical
composition gradient CdSe/Cd1-xZnxSe1-ySy/ZnS QDs by passivating the surface of CdSe
QD core with Cd1-xZnxSe1-ySy graded shell, followed by outermost ZnS shell. The
resulting CdSe/Cd1-xZnxSe1-ySy/ZnS QDs carry intriguing attributes over conventional
CdSe/ZnS QDs, including suppressed re-absorption, reduced Auger recombination, and
tunable Stokes shift.
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CHAPTER 5
ENHANCEMENT OF OPTICAL GAIN CHARACTERISTICS
OF QUANTUM DOT FILMS BY ORGANIC LIGAND SHELL
5.1 Introduction
Quantum dots have particular potential in the area of optical gain and lasing systems.
For example, gain from the blue to NIR has been demonstrated using many types of
QDs, including CdTe, 1 PbS, 2 CdSe, 3,4 CdSe/ZnS, 5 and CdSe/CdS/ZnS. 6 Typical gain
values range from 60-200 cm -1 depending on the pumping conditions, system design,
and type of QD.1-6
demonstrated,

Various feedback mechanisms for lasing have also been

including

microcapillary resonators, 3,

7

microsphere

resonators,

8

distributed feedback resonators, 9 and planar microcavities. 10 These studies clearly
demonstrate the potential of quantum dots for optical gain and lasing applications.

To date, the majority of studies have tried to maximize optical gain by minimizing the
Auger recombination rate via size, 11 type-I design, 12 type-II design, 13 , 14 and QD
composition.1-6

These studies have been complemented by investigations of the

formation and relaxation dynamics of the various exciton, biexciton, and multiexciton
states in different types of quantum dots (core, core/shell, core/graded shell) using stateresolve pumping/probing. 15 , 16

, 17 , 18

This has resulted in a steady increase in

understanding of the structural dynamics of multi-excitons, and led to important
discoveries like size-independent occupation thresholds and gain tailoring via excitonic
state.17,19 However, only a few studies have considered how QD packing density and
thermodynamic properties of the film affect the optical gain characteristics. 1
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This is

surprising since QD packing is a particularly important area of investigation in QD
photovoltaics where ligand selection has been used to increase QD packing and
therefore charge transport.20

In this work, we demonstrate how the optical gain characteristics (threshold, magnitude,
and stability) of QD films depend on the type of ligand used to stabilize the QD. These
results are examined from the perspective of how the size and thermodynamic
properties of the QD ligand affect the physical properties of the film, including QDloading fraction and refractive index.

We show that replacing traditional long chain

ligands with shorter ligands can increase QD-loading up to 50% and consequently
increase the refractive index up to 1.88 (at 650 nm).

These changes profoundly

influence the emission light confinement within the film, as well as the optical gain
magnitude, with more than a two-fold increase observed between the long and short
QD-ligand systems. These property changes have led to exceptionally high net gain
values (~500 cm -1) for a Cd-based QD system, as well as excellent optical stability. This
research shows a facile approach for tuning the QD gain characteristics that does not
require any modification to the QD synthesis process and selection of different QDs.

5.2 Experimental details
QD-ligand film preparation: QD films were fabricated via spin-casting (2000 rpm,
1.5 minutes) a QD solution (heptane or toluene).

Film thickness ranged from 150-

250 nm in order to support only the first waveguide mode. QD films were deposited on a
CYTOP film (1400-1600 nm thick) which has a sufficiently low refractive index
(n650 = 1.34) to cause light confinement and waveguiding within the QD film. 21 The
CYTOP was exposed to air or Ar plasma for 5 seconds in order to improve wetting of the
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CYTOP by the QDs. Silicon with a 290-295 nm thick SiO2 surface layer was used as a
substrate to minimize leakage (and attenuation) of light from the QD film. However, the
attenuation of light that does leak from the QD film into the Si substrate helps ensure
that the light detected at the edge is the light that has propagated through the QD film
(and not the substrate). The substrates were cleaved to obtain sharper, cleaner edges
which improve the intensity of the output light and to help ensure that the area of the film
exposed to the pump light was uniform over the length of the pump strip length.

Optical gain and loss measurements and fitting: The third harmonic (355 nm) of a
Spectra Physics Quanta-Ray INDI-series Pulsed Nd:YAG laser (pulse width of 5-8 ns,
repetition rate of 10 Hz) was used as a seed for a GWU-Lasertechnik basiScan BetaBarium Borate Optical Parametric Oscillator, producing a pulse of wavelength 440 nm.
This wavelength of 440 nm was used for all ASE threshold, gain, and loss
measurements in this study.

Variable stripe length (VSL) gain measurements were performed according to standard
procedure.43 The excitation beam was shaped into a stripe of 125 μm width using a
cylindrical lens (15 cm focus length), and the stripe length was controlled by a pair of
blades mounted on mechanically controlled stages that provided an adjustable slit. Only
the central 10% of the beam was used to minimize pump inhomogeneity due the
Gaussian intensity profile. The pump beam intensity, I pump, was varied by means of a
pair of polarizers or neutral density filters. One end of the stripe excitation was placed
on the cleaved edge of the film while the length of the excitation stripe was progressively
increased. The emission from the edge was collected with a 5 mm fiber and recorded
using a commercial spectrometer (Ocean Optics USB4000; resolution 2 nm).

Gain

values were extracted according to the model proposed by Malko et al., 7 that, in addition
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to the exponential gain term, incorporates a linear exciton term to account for
photoluminescence. This has been a common approach for fitting QD gain. ,1,3,12 Loss
measurements were conducted in the same experimental geometry. However, in this
case, the length of the excitation stripe was held constant, while the distance of the
stripe from the edge of the film, d, was varied by simultaneously varying the position of
both blades.22 As the emission propagates towards the collecting fiber, it experiences
attenuation by scattering and re-absorption in the unexcited region of the film. The
decay of the collected emission signal with increasing distance, d, from the edge was fit
to an exponential law: I(d) = I(0) Exp(-αd) to extract the loss coefficient α.

5.3 Results and discussion
5.3.1

Quantum dot characteristics

The quantum dots in this study have a core/graded shell type-I composition
(CdSe/Cd1−xZnxSe1−ySy), diameter near 8 nm, and exhibit typical broadband absorbance
below 614 nm and a Stokes-shifted narrow emission peak near 624 nm (Figure 5.1a).
All QD films use the same type of quantum dot since the presence (and type) of
inorganic passivating shell has been shown to affect exciton dynamics and gain
properties.15,17

The length of the amine-functionalized ligands was varied from 16

(hexadecylamine), 8 (octylamine), to 4 (butylamine) carbon atoms in order to examine
how the maximum QD-packing density depends on the ligand length (Figure 5.1b,c).
Oleic acid was chosen as a standard control primarily for comparative purposes because
it is a common QD ligand widely used in the literature. 14,23
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The efficiency of the ligand exchange process is monitored and confirmed via NMR, an
example of which is shown in Figure A.1&2. The optical properties of the QDs were
examined before and after the ligand exchange since the process involves exposure to
multiple solvents and washing steps, as well as a change from a carboxylic functional
binding group to an amine group. Quantum yield experienced the most notable change
(decrease) after the ligand exchange process, with other optical properties remaining
nearly unaffected (Table A.1). Decreases in quantum yield are typically attributed to
less effective passivation of the QD surface which opens up nonradiative relaxation
pathways for exciton recombination., 24 , 25 However, in this case the variation in QY
should not be a critical factor since the stimulated emission lifetime of these QD films
(less than 0.1 ns) (Table A.2) is much shorter than typical alloyed QD spontaneous
recombination lifetimes (<4 ns).24,25

Figure 5.1 The QDs show broadband absorption and narrowband emission (a).
Ligands of different size (b) were used to stabilize the QDs in order to control the
spacing between adjacent QDs when deposited into film (c). The QD-QD spacing
dictates the maximum QD-packing density.

5.3.2

QD film uniformity & morphology

QD films were fabricated via spin-casting, covering the substrates uniformly and having
uniform PL emission, as evidenced by bright field, dark field, and photoluminescence
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imaging (Figure A.3).

The QD films were deposited on a fluorinated polymer layer

(CYTOP) with a low refractive index to improve light confinement (waveguiding) within
the QD film.21 The CYTOP film was briefly exposed to plasma in order to promote widespread wetting by the QD film. AFM topographical and phase images show that the
morphology of the QD films depends on the ligand coating the QDs. Films of oleic acid
capped QDs (oleic-QD) show the presence of domains with a dense arrangement of
QDs (Figure 5.2a). The phase image indicates that the QD domains are separated from
adjacent QD domains by regions of a different phase which is likely excess oleic acid
that was not removed during washing as well as a thick coating of oleic acid from
submerged QDs.

Figure 5.2. AFM surface morphology (column 1), 3D topography projection (column 2),
topographical cross-section (column 3), and phase (column 4) for (a) oleic acid, (b)
hexadecylamine, (c) octylamine, and (d) butylamine capped QD films. Z-scale is 20 nm
for the oleic-QD film scan and 10 nm for all others. Phase scale is 20° for the oleic-QD
film scan and 10° for all others.
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The QD films of hexadecylamine-capped QDs (HDA-QD), octylamine-capped QDs
(OctA-QD), and butylamine-capped QDs (BA-QD) have larger particle-like domains
(likely aggregated QDs) that appear to cover the entire surface area (Figure 5.2b,c,d).
The formation of localized lattice-like regions has been observed previously in oleic acidQDs films, as well as the transformation to a more chaotic pattern upon replacement
with a shorter ligand like butylamine.20

We attribute the presence of a lattice

arrangement in the oleic-QD film and the tighter aggregate arrangement in the BA-QD,
OctA-QD, and HDA-QD films to two factors.

First, oleic acid provides exceptional colloidal stability due to its covalent bond with the
QD surface and large size, which reduces aggregation of QDs in solution and allows for
deposition of individual QDs that can form uniform QD lattice domains during spincasting. On the other hand, the QD colloidal stability provided by the amine-based
ligands (BA, OctA, HDA) is not as effective, which can lead to minor QD aggregation in
solution that leads to larger domains in the film state. Second, the volume of oleic acid
is greater than all the amine functionalized ligands (discussed later), which leads to
greater spacing between QDs in the film state than that provided by the smaller amineligands. Greater QD spacing makes it easier for lattice-like QD arrangements to be
observed.

Cross-sections of the height scans show a surface with sub-nanometer high bumps,
indicating that the QDs are tightly packed with the free ligand filling the areas between
adjacent QDs. The Rq roughness spans from approximately 4 nm (500 nm scan area) to
8 nm (10 um scan area) for all samples. In some instances, BA-QD films will appear
smooth with no clear indication of QDs if examined very soon after film deposition, which
is likely due to the fluid-like nature of butylamine at room temperature (melting point of -
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49°C in free state) and its volatility (vapor pressure of 82 mmHg).26 This fluid nature can
compromise the AFM scanning to track surface features.

5.3.3

Ligand characteristics & QD-loading (volume fraction)

The four ligands used in this study each have a different molecular volume in the freestate (oleic acid: 0.320 nm 3, HDA: 0.295 nm 3, OctA: 0.159 nm3, BA: 0.091 nm 3).26
Therefore, changing the ligand may change the maximum allowable QD-packing density
(volume loading) in QD films, which could impact the magnitude and threshold of optical
gain.

The QD-packing density was monitored using a variety of approaches. High-resolution
TEM (HR-TEM) of drop-cast QD films shows that the space between QDs decreases as
the size of the ligand is decreased, with oleic-QDs having the largest QD spacing and
BA-QDs having the smallest (Figure 5.3a). In addition, QD content was estimated using
ellipsometry .27 Examination of multiple films for each type of ligand-QD film agrees with
the trend observed in HR-TEM, with QD-loading (volume percent) ranging from
approximately 30% for oleic-QD films to 50% for the BA-QD films (Figure 5.3b). A
similar increase in density of QD films has been observed previously upon exchanging
oleic acid for butylamine (before film deposition). 28 The observed trend between ligand
size and QD-loading follows the theoretical relationship between QD-loading and ligand
size, which predicts 40% face-centered-cubic (FCC) loading for oleic-QD and 50% for
BA-QD (no unbound ligand is present in the film) (Figure A.4).

Finally, TGA of drop-cast QD films shows that the amount of organic material (excess
ligand and bound ligand) present in the QD solutions generally decreases for shorter
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ligands (Figure A.5), which corroborates the trend seen in HR-TEM and ellipsometry.
Differences in the specific QD volume fraction between the spin-cast QD films and dropcast QD films can be attributed to the difference in deposition methods, as well as the
volatility of the ligands (Figure A.5).26,29,30

QD packing is a critical characteristic since optical gain is proportional to QD volume
fraction.31 For example, an increase of QD packing from 30% to 45% (factor increase of
1.5) is expected to cause a similar 1.5 factor increase in the magnitude of optical gain
(Eq. A.1). In addition, QD packing affects the film refractive index, which affects the
degree of light confinement within the QD film, the number of waveguide modes, and the
optical loss due to leakage of light during propagation. 32 A higher film refractive index
increases the index contrast with the underlying material (CYTOP) and increases light
confinement within the film, a necessary condition for achieving high optical gain.

Figure 5.3 Four ligands of different size were used to examine how QD-packing is
affected by ligand size. (a) HR-TEM micrographs of drop-cast QD solutions and (b)
ellipsometry characterization of spin-cast QD films show that reducing the size of the
ligand increases the QD-loading (packing density) of QDs in films. Scale bar is 20
nm for all TEM micrographs.

5.3.4

Optical gain threshold, magnitude, & stability
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The existence of ASE is supported by a number of emission characteristics such as the
presence of clear threshold behavior in emission intensity versus excitation intensity
plots.12,14,33 At threshold, the emission dependence on the pump excitation intensity
transitions from approximately linear at low intensity to super-linear at successively
higher pump fluence, as was clearly observed for all QD samples (Figure 5.4a) (note
both axes are log scale). ASE threshold values were obtained by determining at what
fluence this transition occurs (Figure A.6). The light-light curves were quite consistent
over multiple spots (Figure A.7).

Figure 5.4. ASE in the QD films is identified by multiple characteristics of QD emission
as the QD film is pumped with different excitation powers. (a) Emission intensity (loglog, scaled for clarity) showing threshold behavior, and (b) full-width at half-maximum
(FWHM) of the emission peak showing spectral narrowing.

The BA-QD, OctA-QD, and HDA-QD films exhibited thresholds of approximately 3050 uJ/cm 2 which matches many of the lowest QD film thresholds to date, 12 and is 510 times lower than the threshold of typical drop-cast QD films using traditional
ligands.14,33 The exceptionally low thresholds are attributed to the uniformity of the QD
films and the high QD-packing density, which allow for efficient light generation and
propagation. Furthermore, the core/graded shell composition of the QD also plays an
important role, with previous studies showing that a graded shell imparts very effective
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surface passivation of the core. This passivation decouples the core exciton states from
surface trap states, effectively deactivating the non-radiative surface trap relaxation
pathway.15,34

ASE threshold indicates the point where optical gain and loss are equal, and can depend
on a number of factors.35 In this case, the large differences in threshold are attributed
primarily to the nature of the physical and thermal properties of the ligand. All ligands
with the alkane structure and amine functionalization (butylamine, octylamine, and
hexadecylamine) have similar thresholds, which are also much lower than that shown by
the film with the oleic acid ligand (which has an internal double bond and a carboxylic
acid terminal group).

The internal double bond makes oleic acid waxy at room

temperature and therefore highly fluid under optical pumping. This fluidity allows for
more QD diffusion, which can lead to QD aggregation that increases optical scattering
(optical loss) and modifies the localized refractive index (disrupts light propagation), both
of which would delay the onset of ASE (increase the threshold). Furthermore, the waxy
nature makes oleic acid QD films highly susceptible to physical damage.

The functional group of the ligand could play a role as well by imparting different degrees
of surface passivation to the QD, which has been shown to have an impact on exciton
trapping rates and the required average exciton gain threshold. 15,36 Auger recombination
(an important obstacle for achieving QD optical gain) has also been shown to depend on
factors like charged exciton states that could be influenced by the ligand functional
group.37,38 In addition, non-radiative hole relaxation has been shown to occur through a
non-adiabatic ligand-mediated mechanism, which means different ligands could increase
or decrease this non-radiative pathway. 39 However, this phenomenon is hindered by the
presence of an inorganic shell so it is not likely to be an important factor for the
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core/graded shell QDs in this study. Likewise, it has also been shown that the Auger
recombination rate can, in certain instances, be relatively independent of surface
passivation.40 So, at this point in time it is unclear how intrinsic exciton dynamics are
affected by the ligand choice and its influence on ASE threshold.

Spectral narrowing of the emission peak occurs simultaneously with threshold behavior
and is an additional critical indication of the ASE phenomenon. 12,33 The FWHM of PL of
all samples was approximately 30-40 nm, but narrowed to around 10 nm once ASE
emerged (Figure 5.4b), which is common for QD ASE.12,33

All films show similar

spectral narrowing (78 ±3% reduction) compared to their initial PL FWHM. However, the
QD film with the oleic acid ligand (carboxylic acid functionality) displayed the narrowest
ASE FWHM (6 nm) since it began with the narrowest PL FWHM (32 nm). The QD films
with amine functionalized ligands all show similar spectral narrowing to a FWHM of
11 nm (from ≈40 nm). The difference in PL FWHM appears to be correlated with how
well the QDs are physically arranged and the chemical functionality of the ligand. As
shown previously, the oleic acid-QD film has domains of well-ordered QDs while the
amine-QD films (BA-QD, OctA-QD, and HDA-QD) have a less ordered arrangement
(Figure 5.2). These differences could affect the degree of optical scattering during light
propagation (and therefore the broadening of PL FWHM).

In addition, the chemical functionality of the ligand can affect QD surface passivation
which affects the emission position, quantum yield, and electronic structure of the QD
surface.41 Additional confirmation of ASE is provided by the 10-15 nm red-shift of the
ASE peak compared to the PL peak. This is a common trait of ASE often attributed to
interparticle electronic energy transfer and optical re-absorption (Figure A.8).33,42
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Figure 5.5 The optical characteristics of the QD films were determined using the
variable strip length (VSL) method. (a) Emission of an OctA-QD film (log-intensity) at
various pump strip lengths. The emergence of ASE is indicated by narrowing of the
emission peak. (b) Emission intensity versus pump length for various QD-ligands
(curves were off-set for clarity). The intensity data was fit to determine the gain value
(Ipump = 200 uJ/cm 2).

The direct quantitative measurement of optical gain for each film was obtained using the
variable stripe length (VSL) pumping approach, which involves optical excitation of the
film using an excitation strip of variable length (Figure 5.5a,b).43 If positive net gain is
achieved, the spectrally narrowed ASE peak will emerge as the pump length is
increased and the emission will exhibit an exponential increase of intensity as the optical
pump strip is lengthened (Figure 5.5a,b).1-3

Optical gain appears to scale with QD-packing (for the same ligand functional group),
with the HDA-QD film displaying modest gain (225 ±53 cm -1) similar to that reported in
the literature for Cd-based QD films.1,33 In contrast, the OctA-QD and BA-QD films
exhibit the highest gain (518 ±49 cm -1 and 508 ±113 cm -1, respectively) (Figure 5.6a).
The OctA-QD and BA-QD films have similar gain values because in this case the films
had similar QD-loading (50% and 49%, respectively), indicating that QD-loading is
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affected by both ligand length and the washing process. Gain values were averaged
from multiple spots over a sample (Figure A.9).

Figure 5.6 The magnitude and stability of optical gain depends on the type of QDligand pairing. (a) Optical gain versus QD-packing density. QD films with higher QDpacking exhibit higher optical gains. (b) Stability of ASE over a 30 minute period.

These gain values exceed typical QD gain values (60-200 cm -1) due to the exceptionally
high QD-loading,1-3,5,6 approaching some of the highest values reported. 4 Although, as
we suggest, the high optical gain is primarily a result of QD-loading, a number of
additional system characteristics play a role. These factors include reduced surface
trapping and Auger recombination due to the core/graded shell QD interface, 15 strong
light confinement due to the incorporation of a sub-cladding layer with a very low
refractive index, and increased absorption of the pump beam caused by the use of a
reflective substrate.27 An oleic acid QD film displayed a low optical gain (61 ±19 cm -1)
that was difficult to reliably measure due to its fluctuating ASE but was included as a
reference sample since oleic acid is a commonly used QD ligand (discussed below).

The difference in optical gain magnitude between the films with different ligand-QD
combinations can be attributed to a number of factors. First, as mentioned above, the
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material gain value is expected to depend on the QD packing density (Eq. A.1)31 due to
an increase in the density of optically excited QDs that participate in the ASE process as
well as an increase in the optical density of the film. An increase of optical gain due to
higher QD packing density has been observed experimentally in layer-by-layer systems.1
For example, the increase of QD packing from the HDA-capped QD film (34%) to the
BA-capped QD film (49%) can explain a factor increase of 1.44 for the gain, which
accounts for a portion of the differences between these films (factor of 2.3).

Second, gain depends on the degree of light confinement exhibited by the film since
efficient light confinement leads to more stimulated emission within the film, as well as
lower propagation losses from light leakage into adjacent layers. Light confinement
depends primarily on film thickness and refractive index (RI) contrast between the QD
film and the surrounding layers, with higher refractive index contrast leading to more
efficient light confinement. Refractive index contrast was dictated by the RI of the QD
film since the underlying material was always CYTOP (n = 1.34) and the top layer
always air. Reducing the molecular dimensions of the ligands increases QD-loading
which increases the RI of the film (since QDs have a higher refractive index than the
ligand).

For example, the OctA-QD and BA-QD films had the highest refractive index of all the
films (1.86±0.05 and 1.88±0.06, respectively) near the propagation wavelength (630650 nm). On the other hand, the oleic-QD and HDA-QD films had the lowest refractive
index (1.72±0.04 and 1.76±0.05, respectively). The resulting degree of light confinement
can be quantified by the confinement factor (Γ), which is a measure of the power of the
E-field confined to the QD film versus the power of the E-field present within the entire
system.44 Higher confinement factors indicate greater localization of light within the QD
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film and an increase of modal gain (gmodal = Γ x gmaterial).44 Modeling of the confinement
factor for each of the ligand systems for various thicknesses shows that the BA-QD film
can exhibit a confinement factor up to 1.7 times that shown by the oleic-QD films and
1.4 times that exhibited by the HDA-QD films for relevant thicknesses (Figure A.10). In
addition, the refractive index and thickness of the QD film determines the number and
type of waveguiding modes, which affects propagation losses and might increase
waveguiding efficiency.

Therefore, all samples were designed to support only one

waveguide mode by ensuring that the film thickness was above the first critical
waveguiding thickness (tc,1) but below the next highest critical waveguiding thickness
(tc,2) (Figure A.11).32

Third, the arrangement of QDs within the film (lattice-like, aggregated, or intermittently
spaced) can affect how light propagates through the film, either through the introduction
of scattering sites, QD-QD coupling,42 or transverse localization effects.45 Optical losses
associated with scattering (and re-absorption) are examined later.

Fourth, thermal

transport (and dissipation) depends on the length of the QD ligand and has been shown
to be an important factor in QD gain systems due to thermal mediated Auger
recombination.44,46,48 Finally, the difference in gain value between the oleic-QD and
HDA-QD film could be due in part to the chemical functionality of the ligands since these
films have similar QD-loading and refractive index. The chemical functionality of the
ligand has been shown to affect QD surface passivation, which in turn affects the
quantum yield and electronic structure of the QD surface and trapping rates. 36,41 The
Auger recombination rate could also play a role, although previous studies have shown
the Auger recombination rate is more strongly dependent on other factors like the QD
core-shell interface and volume than surface passivation. 39,47 The combination of these
factors likely contributes to the difference in optical gain values that can be obtained
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from QD films and indicates that the type of ligand on the QD surface can strongly
impact optical gain a number of ways.

5.3.5

Photostability of the QD films

The stability of ASE was examined over a period of 30 minutes for each type of QD film
(Figure 5.6b). The QD films with amine functionalized ligands (HDA-QD, OctA-QD, BAQD) display very stable ASE, which is an indication of the stable physical and thermal
characteristics of the films under pumping. The stability of each ligand-QD combination
can be explained by considering the interplay between QD-loading, the thermodynamic
properties of the ligands, and the thermal transport/dissipation of the film. In general,
stable ASE will arise if QD mobility is minimized since mobility/rearrangement of QDs
during optical pumping can lead to the formation of scattering sites (which increase
optical loss) in the film, as well as alter the effective refractive index (which can affect
light propagation). In addition, ASE will be more stable if heat dissipation is efficient
since localized heating of the film can lead to dissociation of the ligands from the QD
surface (which results in loss of QD surface passivation), and to more efficient Auger
recombination (which also increases intrinsic optical loss). 46

It is worth noting that the HDA ligand is relatively long so it yields films with relatively low
QD-loading (34%) and only moderate thermal conductivity (near 0.25 W/m*k).48
However, the HDA-QD films show stable ASE, which suggests the solid state of HDA
(melting point of 45°C) and its low vapor pressure (≈0 mmHG at 25°C) are the strongest
factors.26 On the other hand, butylamine seems to derive its ASE stability from its high
QD packing (49%) and higher thermal conductivity (1.5x higher than oleic-QD),48 rather
than its low melting point (-49°C) or high vapor pressure (8 mmHG at 25°C).26 In fact, it
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is somewhat surprising that BA-QD films exhibit such stable ASE given the volatile
nature of butylamine. It is likely that desorption of weakly bound BA occurs very quickly
during spin-casting and storage so that by the time gain measurements are conducted
there is minimal loosely bound BA to desorb during the optical pumping process. On the
other hand, apart from its low vapor pressure (≈0 mmHG at 25°C) oleic acid is a poor
choice for imparting optical stability due to the low QD-loading (29%), moderate thermal
conductivity (near 0.25 W/m*k),48 and its relatively low melting point (14°C) due to the
double bond in its structure. These characteristics could allow for significant QD mobility
and thermal modification of the ligands when the QD films are optically pumped, which
manifest in the widely fluctuating ASE. These results show that consideration of the QD
ligand is an important factor to consider in terms of optical gain magnitude and stability.

5.3.6

Optical loss

The intrinsic optical loss of the films was also measured to determine whether loss can
account for differences in the gain values. Optical loss is determined by measuring the
attenuation of ASE over different propagation distances (Figure 5.7).22

Greater

attenuation of ASE occurs as the distance travelled by the light to the edge of the
sample increases. Attenuation of ASE is clearly evident in the spectra for all films and is
shown for the HDA-capped QD film (Figure 5.7a). All amine films exhibit an exponential
decrease in emission as the collective distance is increased (Figure 5.7b), as expected
for films that exhibit optical loss.

Loss values are averaged from multiple spots

(Figure A.12).

The optical loss is observed to be proportional to the QD-loading of the film, with the
HDA-QD film (lowest QD-loading) exhibiting the lowest loss (60±19 cm-1) and the BA-QD
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and OctA-QD films (highest QD-loading) exhibiting the highest loss (82 cm -1)
(Figure 5.7c). It is difficult to judge the magnitude of these QD loss values since optical
loss is often overlooked in gain studies on QD films.

Figure 5.7 (a) Typical emission spectra from the variable attenuation length method
for a HDA-QD film (log intensity). (b) Optical loss fitting for the HDA-QD, OctA-QD,
and BA-QD films shows an exponential decrease with collection length. (c) Optical
loss for different QD-ligand films.

However, these optical loss values are similar (within a factor of 2) to those exhibited by
conjugated polymers films.22 The scaling of loss with QD-loading is not surprising since
optical re-absorption (an important component of optical loss) is proportional to QDloading since the emitted light encounters more QDs (for a given distance) as it
propagates through the film. In fact, the predicted loss for the BA-QD and OctA-QD
films (scaled against the HDA-QD loss) falls within ±5% of the measured values, well
within the measured standard deviations. The unstable nature of ASE for the oleic-QD
film made measuring loss unreliable (Figure 5.6b). These results suggest that optical
loss is not the primary factor underlying the observed trends in gain versus QD-loading
since the films with highest optical loss still displayed the highest net optical gain.

5.3.7

Ligand selection

The ideal ligand depends on the relative importance of gain threshold, FWHM,
magnitude, and stability, as well as optical loss. Aliphatic amine functionalized ligands
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(butylamine, octylamine, hexadecylamine) were shown to provide lower gain threshold
than that provided by oleic acid (internal double bond and carboxylic acid
functionalization), while the narrowest FWHM of ASE was obtained using oleic acid
(presumably due to the well-ordered physical domains). On the other hand, shorter
ligands can result in higher QD-loading (which increases the number of optically
stimulated QDs) and higher refractive index (which increases the confinement factor),
both of which result in proportional increases to optical gain.

Obtaining stable ASE is slightly more complex, but generally requires very tight QD
packing, good thermally stability (high melting and boiling points, low vapor pressure),
and high thermal transport/dissipation.

Unfortunately, these characteristics are not

always independent, as seen with short organic ligands that offer high QD packing and
large thermal dissipation,48 but which typically exhibit low melting and boiling points and
high volatility (and vice versa).26 Predicting the relative impact of these factors is difficult.
Finally, optical loss scales closely to QD-loading (neglecting losses associated with the
presence of physical defects, surface roughness, and waveguiding losses).

Additional considerations when choosing a ligand include the colloidal stability imparted
to the QDs in solution. Oleic acid typically provides very good colloidal stability due to its
strong covalent bonding to the QD surface (X-type ligand). 49 , 50

However, amine

functionalized ligands (butylamine, octylamine, hexadecylamine) form a coordinate bond
to the QD surface (L-type ligand) that leads to reversible adsorption/desorption from the
QD surface.49,50 The desorption of ligands can lead to colloidal instability (aggregation of
QDs) which causes scattering sites to form in the QD film during deposition and a lower
than expected optical gain. QD instability was observed to be more pronounced for
shorter

ligands

like

butylamine

than

for
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longer

ligands

like

octylamine

or

hexadecylamine. Therefore, the length of time before the colloidal QDs are deposited
into films should factor into the choice of ligand.

5.4 Conclusions
This work demonstrates how the molecular dimensions and functionality of the ligand
capping the QD affects film morphology, QD-packing density, refractive index, and the
resulting optical gain characteristics. Specifically, this work shows that changing the
ligand greatly affects the factors that control light propagation in the film (refractive index
and refractive index contrast).

Furthermore, the ligand affects QD-packing density,

which has a direct effect on optical gain.

Finally, evidence was provided that the

chemical structure and physical and thermal properties of the ligand affect ASE
threshold. The combination of these factors resulted in a 2.25 fold increase in optical
gain between the lowest and highest QD-packed films (with the same functional group),
with the highest QD-packed films exhibiting exceptionally high net gain values (≈500 cm 1

). Reductions in ASE threshold and stability were also observed when switching from

the commonly used waxy, large ligand oleic acid to the amine-functionalized ligands.
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CHAPTER 6
CORE/ALLOYED-SHELL QUANTUM DOT ROBUST
SOLID FILMS WITH HIGH OPTICAL GAINS

6.1 Introduction
A rich variety of colloidal nanocrystals have been recently synthesized as potential
candidates for optical gain media, including Cd- and Pb-based quantum dots (QDs),1,2,3,4
CdSe nanoplatelets, 5 , 6 , 7 , 8 and CsPbX3 (X = Cl, Br, I) perovskite QDs. 9 Among them,
CdSe nanoplatelets have shown one of the highest net gain value of 500-690 cm -1 in the
green and red spectral range due to their large oscillator strength in comparison to QDs;
whereas CsPbBr3 perovskite QD films possess a net gain value of 450 cm -1 in the green
spectral range.

The high net gain value exhibited by these materials is widely

recognized as an important ‘figure of merit’ to consider when developing new photonic
systems that demonstrate parity-time symmetry, which require a sensitive balance
between optical gain and loss to achieve the breaking point for single-mode lasing,10,11
double refraction systems,12 and directional invisibility and reflection. 13,14

Although net gain values are high in the above-mentioned materials, the colloidal and
photoluminescence (PL) stability remain as important issues for the realization of
practical photonic structures.

In this regard, the PL intensity in the vast majority of

studies to date is unstable even under modest external effects such as light illumination,
chemical treatments, or mechanical rubbing. For example, the lasing output intensity of
CdSe nanoplatelets is reduced to 10%-50% of the original value within one hour under
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continuous-wave pumping.5 Furthermore, the surface of these CdSe structures is highly
sensitive to polar solvents, which can lead to an irreversible physical stacking and thus a
large reduction of PL intensity due to the efficient energy transfer to defective
nanoplatelets.15 As for the PL stability in CsPbX3 perovskite QDs, it is reported that the
PL of CsPbI3 perovskite QDs in the red spectral range gradually vanishes because these
materials undergo a structural phase transition from the PL-active cubic to the PLinactive orthorhombic structure.9 A recent study also shows an fast (within minutes)
photodegradation of CsPbBr3, CsPbBrxI3-x and CsPbI3 perovskite QDs, exemplifying their
highly unstable PL emission.16

In stark contrast to these unstable materials, the well-developed Cd-based QDs possess
relatively high colloidal stability and stable emission in the visible region,17 making them
promising candidates for the fabrication of stable photonic devices if incorporated in
polymer films and coatings.18 However, the typical net gain value of Cd-based QDs in
solid state (mostly, drop-cast films) is relatively low (60-200 cm-1), which is well below
those reported in CdSe nanoplatelets and CsPbBr3.3,19,20 Moreover, the film integrity of
QDs capped with monodentate ligands can easily deteriorate during common fabrication
processes due to the good solubility of the organic capping ligands in a variety of nonpolar solvents.

In this work, we report the crafting of freestanding, mechanically robust, and optically,
environmentally, and chemically stable CdSe/Cd1-xZnxSe1-ySy core/alloyed-shell QD films
with outstanding net gain values up to 650 cm -1, minimum optical losses around 50 cm -1,
and amplified spontaneous emission (ASE) thresholds as low as 44 µJ/cm 2 in the quasicontinuous wave (q-CW) region (ns pulse excitation). These results are achieved by
capitalizing on the rationally designed crosslinkable core/alloyed-shell QDs with short bi-
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functional ligands. Two consecutive strategies were implemented to achieve stable high
gain properties in the resulting film with highly loaded crosslinked QDs. The first strategy
involves the maximization of QD-loading density by replacing the long ligand oleic acid
(OA) with the shorter ligand butylamine (BA). This ligand replacement greatly increases
the QD packing density up to ~50%, which is nearly two-fold higher than that of
conventional QD films reported to date, and is in fact closer to the theoretical limit (52%
for simple cubic to 74% for face centered cubic for sphere packing without capping
ligands).

The second complementary strategy is to further impart mechanical strength, chemical
resistance, and optical stability by exposure to a bifunctional crosslinker 1,7
diaminoheptane (DIAH). The bifunctional crosslinker rendered a very stable passivation
of the QD surface by connecting (i.e., crosslinking) the adjacent QDs via the strong
coordination interaction between CdSe/Cd1-xZnxSe1-ySy core/alloyed shell QDs and the
two terminal NH2 groups of the DIAH linkers. The resulting crosslinked QD materials
can be fabricated as mechanically robust large area films of several cm2 across.
Moreover, they can be readily released as a freestanding film and transferred onto
different substrates without compromising their structural integrity and while retaining
their stable optical activity under mechanical stresses and the harsh chemical
environments under which traditional drop-cast films show a fast deterioration. Finally,
we demonstrate that our designs are compatible with lithographical patterning
techniques for the development of optical lasing arrays.

6.2 Experimental details
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Ligand exchange: The oleic acid-capped CdSe/Cd1-xZnxSe1-ySy QDs were centrifuged
with acetone three times to remove excess oleic acid and ODE. Subsequently, purified
oleic acid-capped CdSe/Cd1-xZnxSe1-ySy QDs were re-dispersed in hexane and an
excess amount of butylamine was added to perform the solution-phase ligand exchange.
The ligand exchange reaction was allowed to proceed at 45℃ for 1 day. The solution
was then precipitated using methanol and re-dispersed in a mixture of hexane and an
excess BA amount.

This procedure was repeated for three times. Upon ligand

replacement, the QD film loading (as determined by refractive index) (Table S2)
increased from 27% to 53% in the BA-capped QD films, a nearly two-fold increase. This
is an extremely high loading of QD considering that the loading of ideal spherical
particles without capping ligands ranges from 52% for simple cubic to 74% for face
centered cubic arrangements. The choice to use DIAH as the bifunctional crosslinker
following ligand exchange can be rationalized as follows.

First, the length of a

bifunctional crosslinker needs to be carefully chosen so that it can effectively replace the
capping ligand BA during the solid-state exchange. In an ideal case, where BAs are fully
extended when capping the QD surface, the gaps between QDs is the length of two BA
molecules (eight C-C bonds). Thus, an appropriate bifunctional crosslinker should be
shorter in order to efficiently fill the gaps between QDs without compromising their close
packing.
The solid-state exchange is performed by soaking the prepared butylamine-capped QD
films in a 0.1 M methanol solution of 1,7 diaminoheptane for 1 hour. After soaking, the
films are washed with methanol 3 times to remove any excess 1,7 diaminoheptane.
Notably, after ligand exchange, the film is rendered insoluble in both polar and nonpolar
solvents, indicating successful crosslinking treatment by DIAH (Figure B.1).

It was

observed that the QD loading did not significantly change during the networking step
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(53% to 49%), which may be due to the similar length of two BA ligands and the length
of one DIAH ligand if the ligands are fully extended between adjacent QD surfaces.

Film preparation: QD films were fabricated by spin-coating a QD heptane solution of
~60 mg/mL at 1000 rpm for 1 minute. The film thickness ranged from 150-250 nm in
order to support only the first waveguide mode.

The QD films were deposited on

CYTOP (AGC Chemicals) coating, which has a sufficiently low refractive index
(n650 = 1.34) to provide light confinement and waveguiding within the QD film.

The

CYTOP was exposed to air or Ar plasma for 5 seconds in order to improve the wetting of
CYTOP by QDs. Silicon, with a 290-295 nm thick SiO2 surface layer, was used as a
substrate since its large extinction coefficient attenuates much of the light that leaks into
the substrate. The attenuation of light that leaks from the QD film into the Si substrate
ensures that the light detected at the edge is the light that has propagated through the
QD film. The substrate was cleaved to obtain sharper, cleaner edges to improve the
intensity of the output light and ensure that the area of the film exposed to the pump light
was uniform over the length of the pump strip length.

6.3 Results and discussion
6.3.1 Choice of bifunctional crosslinker
The surface of as-synthesized QDs is protected with an organic shell of oleic acid (OA)
(Figure 6.1). The replacement of the OA ligand with shorter ligands was explored to
increase the QD-loading and stabilize QD films. Because thiol functional groups tend to
quench the PL intensity
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we choose amine-terminated ligands as candidates for

stabilization and crosslinking of QDs.22 Finally, excessively volatile ligands with a low
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melting point (mp) and boiling point (bp) can lead to fast thermal and physical
deterioration, which can cause optical quenching due to the loss of surface passivation.
Crosslinkers with higher mp and bp, as well as a lower vapor pressure, are expected to
provide a surface passivation that is resistant to harsh environments and prevents the
solid films from fast degradation during fabrication, usage, and storage.

Thus, the

shorter length of DIAH ligands (7 C-C bonds) and the much higher m p of 26-29°C and bp
of 223-225°C should provide stable surface passivation under the elevated temperatures
present during optical pumping (Table S1).23

6.3.2 Film fabrication and properties
Figure 6.1a illustrates the material processing steps utilized in this study. First, we
synthesized chemical compositional gradient CdSe/Cd1-xZnxSe1-ySy core/alloyed-shell
QDs with an average diameter of 8.2 nm by following a published procedure with some
modifications.24 These QD structures have been selected because of their high stability
and enhanced quantum yield. In fact, the core/alloyed-shell or alloyed-core/shell QD
structure have been reported to effectively increase the Auger recombination lifetime to
at least a few hundred ps and even enable single exciton gain.3,6,37 We then performed
the subsequent solution-phase and solid-state ligand exchanges to tether CdSe/Cd1xZnxSe1-ySy

QDs with the DIAH ligand.

High resolution transmission electron microscopy (HR-TEM) confirmed the QD
dimensions and allowed for the estimation of interparticle distance of QDs capped with
different ligands (Figure 6.1, B.2). After the solution-phase ligand exchange from OA to
BA, the distance between neighboring QDs decreases significantly from 3.2±0.5 nm for
OA-capped QDs to 1.1±0.5 nm for BA-capped QDs.
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Figure 6.1 (a) Crosslinked QD solid film fabrication: the as-synthesized oleic acid (OA)capped CdSe/Cd1-xZnxSe1-ySy core/alloyed-shell QDs (i) undergo the solution-phase
ligand exchange by adding butylamine (BA) in the QD solution (ii); after the solutionphase ligand exchange, the concentrated BA-capped QD solution is cast to form a
close-packed QD film, which is subsequently soaked in a 0.1 M methanol solution of
1,7 diaminoheptane (DIAH) to perform the solid-state ligand exchange. The crosslinked
QDs are tethered with DIAH ligand and shows tight packing (HRTEM scale bar is
10 nm) (iii). (b) Absorbance (solid) and emission (dashed) spectra of as-synthesized
OA-capped QD solution (black line), BA-capped QD film (blue line) and DIAH-tethered
QD film (red line). The baselines (green solid lines) of BA-capped QD film and DIAHtethered QD film are offset for clarity. (c) Molecular models and chemical formulas of
the organic ligands used in this study: oleic acid (OA); butylamine (BA), and 1,7
diaminoheptane (DIAH).
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The reduced interparticle distance demonstrates the effective increase in QD loading
after exchange with the shorter organic ligand shell. Furthermore, the spacing of the
crosslinked films (i.e., DIAH-tethered QDs; 1.2 ±0.4 nm) is similar to that of the BAcapped QD films, confirming that the loading is primarily controlled by the molecular
dimensions of organic ligands.25,26

The optical properties of QDs (absorption and emission) in solution and solid film state
are shown in Figure 6.1b. All samples have similar first excitonic absorption peaks near
610 nm, whereas the emission peak shows a red-shift of 9 nm in the condensed solid
state (629 nm in solid film vs 620 nm in solution). Such a red-shift indicates higher
optical reabsorption and modest coupling interactions between neighboring QDs that
can induce enhanced interparticle energy transfer.27,28 The crosslinking within solid films
did not lead to further red-shifting, signifying the absence of excessive QD aggregation.
The spin-cast films from BA-capped QDs are uniform, without QD aggregation, and
exhibit uniform PL emission.

Atomic force microscopy (AFM) revealed that the film

possesses a microroughness of 0.6 nm and 3.9 nm over surface areas of 500 nm by
500 nm

and

10µm

(Figure B.3a,b,i,j).

by

10

µm,

confirming

a

uniform

material

distribution

The crosslinked DIAH-tethered QD films remain smooth with a

microroughness of ~1nm over surface areas of 500 nm by 500nm and 10µm by 10 µm
and exhibit a larger phase contrast, which confirms the presence of the limited QD
clusters surrounded by an organic matrix (Figure 6.2 and B.3g,h).

Differential scanning calorimetry for the DIAH-tethered QD films shows a glass transition
near 97°C, and no indication of a melting point which is a characteristic of crosslinked
and amorphous polymer films with restricted molecular mobility (Figure B.4).
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Furthermore, comparative FTIR spectra for all films indicate a clear difference between
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BA-capped QD and DIAH-tethered QD films in the spectral range of C-H and N-H
stretching mode bands.

The large reduction of symmetric and asymmetric CH3

stretching peaks and the absence of asymmetric N-H stretching peak indicate the
crosslinking/coordination of ligands with QD surface (Figure B.5).30,31

Figure 6.2 AFM scans of height (a), phase (b), and (c) height cross-section along the
line in (a) for the DIAH-tethered QD film. The height scale is 10 nm and the phase scale
is 80 degrees. Fluorescence imaging shows uniform emission over large areas (d)
while bright field (e) and dark field (f) optical micrographs show uniform morphology
with minimal physical defects. All scale bars are 30 µm.

6.3.3 Optical gain studies of DIAH-tethered QD films
The optical performance of the DIAH-passivated QD solid films was studied using a
standard configuration of the variable stripe length (VSL) method with q-CW nanosecond
(ns) pulsed 440 nm laser excitation (see SI).32 As we observed, amplified spontaneous
emission (ASE) from the close-packed QDs films can be clearly detected under q-CW
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conditions, which is rarely reported due to efficient Auger recombination rates that
typically suppress ASE.1 In fact, nearly all reported QD net gain values in the literature
were measured using ultra-fast femtosecond lasers to overcome the Auger
recombination rate.19 Although the 5 ns pulse duration is much longer than the typical
Auger recombination lifetime of 10-300 ps for Cd-based QDs (see below), we were able
to observe clear signatures of ASE with increasing pump excitation intensity. The
observed phenomena include spectral narrowing, the emergence of a red-shifted
dominant emission band, and a clear threshold in the emission intensity vs excitation
intensity plot (Figure 6.3a, b and B.7d).

In fact, a significant spectral narrowing was seen as the pump fluence increased with the
broad cw PL peak (a FWHM of ~45 nm) collapsing to a narrow ASE peak of ~8 nm
FWHM (inset: Figure 6.3a). In addition, the ASE peak is positioned at 638 nm, which is
red-shifted by ca. 9 nm with respect to the spontaneous PL peak position (~629 nm).
The red-shift of ASE peak position may arise from the competition between optical gain
from stimulated emission and optical loss from re-absorption in the single-exciton
regime,3 or due to the lower biexciton energies that result from attractive exciton-exciton
interactions of type I-like QDs in the biexciton regime.2 In addition to spectral narrowing
and emission red-shifting, a threshold behavior was also observed in the emission
intensity vs excitation intensity plots (Figure 6.3b). The non-linear behavior is clearly
evident from the abrupt increase of output intensity above the certain threshold. The
significant spectral narrowing (five-fold) accompanies the exponential increase in
emission

intensity

with

the

pump

length

(Figures 6.3c, B.7c).
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which

indicates

lasing

behavior

Figure 6.3 The optical characteristics of the DIAH-tethered QD film under pulsed
excitation (440 nm, 5 ns pulse): (a) emission spectra from the DIAH-tethered QD film
under different pumping energy density show the ASE and spectral narrowing (inset);
(b) emission vs fluence behavior with a ASE threshold of ~60 µJ/cm 2; (c) the VSL
measurement shows an exponential increase in ASE intensity with longer pump strip
lengths (pumped fluence of 500 µJ/cm 2). Fitting the VSL curve yields a net gain value
of 650 cm -1. (d) ASE stability tests of DIAH-tethered QD films pumped with 500 µJ/cm 2
over 45 minutes of excitation. (e) CW PL stability tests of the DIAH-tethered QD film,
BA-capped QD film, and OA-capped QD film under ambient conditions. (f) Comparison
of gain values observed in this study and in recent literature: 1-(Ref. 1), 2-(Ref. 20), 3(Ref. 1 ), 4-(Ref. 3), 5-(Ref. 1), 6-(Ref. 19), 7-(Ref. 1).
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The DIAH-tethered QD film shows a minimum achievable threshold of approximately
44 µJ/cm 2 (Figure B.7b) and an average threshold of 60 ±20 µJ/cm 2 across different
films and different spots on the same film. This threshold level is unusually low (an order
of magnitude) in comparison to reported thresholds for common QD films such as
CdSe/Zn0.5Cd0.5S in the single-exciton regime (at 720 µJ/cm 2), CsPbBr3 perovskite QDs
(at 450 µJ/cm 2), and CdSe/CdS nanoplatelets (at 1000 µJ/cm 2) which were also pumped
using comparable sub-ns or ns lasers.3,9

We suggest that the unusually low ASE threshold of QD films fabricated here is a result
of not only the properties of the QD film but also the system design. First, the utilization
of large diameter QDs (~8.2 nm) with a large absorption cross section increases the
absorption of pump light.17,36,37

We estimate the absorption cross section of our

CdSe/Cd1-xZnxSe1-ySy core/alloyed-shell QDs to be σ ~ 10-14 cm 2 (based on the
absorbance data of our crosslinked QD film), which is much larger than typical values of
CdSe QDs that are usually around 10 -15-10-16 cm2.17, 33

Second, highly reflective

substrates (silicon, with a 290-295 nm thick SiO2 surface layer) result in the excitation
laser to pass twice through the film. Considering the reflection losses at the air/QD
(~7%) and SiO2/Si interfaces (reflectivity of Si is ~50%).34 The overall effective pumping
fluence is estimated to be 1.4 times (93%x150%) of the input pumping fluence, which
leads to a higher absorbed photon density in comparison to films deposited on
transparent quartz substrates.9,36 Finally, lower overall waveguide losses were obtained
by introducing strong light confinement within the QD film due to the high index contrast
between the QD film (n = 1.9) and the low-index supporting CYTOP layer (n = 1.34)
(Figure 6.1a(iii)).
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Further support for the low gain threshold observed in this system comes from the
examination of the average number of excitons per QD, 〈N〉. This value can be
calculated by considering the relationship〈N〉 = f × σ, where f is the pump intensity
and σ is the absorption cross-section.17 This estimation gives 〈N〉= 2 for a threshold
of 84 µJ/cm 2 (this value accounts for the double pass and reflection losses of the
excitation laser through the QD film, 1.4 x 60 µJ/cm 2). The average number of excitons
per QD calculated here is much higher than that obtained for CdSe/Zn 0.5Cd0.5S QDs in
the single-exciton regime ( 〈 N 〉 = 0.86) and CsPbBr3 perovskite QDs ( 〈 N 〉
= 0.5~0.8).3,9 This difference can be considered by taking into account the decay of
excitons caused by Auger recombination that occurs during the long ns pump pulse
duration.3,9,35 When the 3.5 ns Auger recombination lifetime (measured from our QDs by
transient absorption spectroscopy (Figure B.6)) is scaled with the 5 ns pulse width used
in this study, the average number of excitons per QD is 1.1 ±0.3. This value at ASE
threshold is in good agreement with values obtained in other low-threshold Cd-based
core/shell QD systems.17

Net gain values as high as 650 cm -1 were obtained in the crosslinked QD films by fitting
the ASE intensity versus the excitation length with the Malko model (under a pump
𝐵

intensity of 500 μJ/cm 2), 𝐼(𝐿) = 𝐴𝑋 𝐿 + 𝑔𝑋𝑋 (𝑒 𝑔𝑛𝑒𝑡 𝐿 − 1), where 𝐴𝑋 and 𝐵𝑋𝑋 are constants
𝑛𝑒𝑡

proportional to spontaneous emission intensity for excitons and biexcitons, L is the stripe
length and 𝑔𝑛𝑒𝑡 is the net gain value.20 This gain value is comparable to or higher than

those of high gain CdSe nanoplatelets.6,7,8 An average net gain value of 493 ±106 cm -1
was obtained for multiple samples, different batches, and beam locations (Figure B.7a).
An average net gain value of 510 ±110 cm -1 was found for highly loaded BA-capped QD
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films, indicating that DIAH with same functional group and similar length to 2 BA
molecules does not change optical properties, surface passivation and packing density
much during the solid-state exchange while imparting chemical resistance and physical
robustness to the films. In contrast, a much lower net gain value of 60 ±20 cm -1 (and
higher average ASE threshold of 323 ±66 μJ/cm 2) were obtained from the long-chain
OA-capped QD film which is the benchmark for common literature studies. Thus, the
average net gain value for both QD films with short ligands (DIAH and BA in this work) is
about an order of magnitude higher than that measured under identical conditions for
low-density QD films with the long-chain OA ligand, indicating that the loading density,
controlled by ligand shells, is critical (Figure B.8).

Moreover, we compare current gain values in our study with those measured in literature
under different fabrication and pumping conditions (Figure 6.3f).

The comparison

shows a factor of up to three-fold increase in comparison to values reported for a variety
of drop-cast Cd-based QD films with different organic ligands (literature reported gains of
typically 60-200 cm -1).36,37 We suggest that the unusually high gain values observed in
the QD solid films fabricated here are primarily due to factors discussed below. First,
considering the equation of modal gain, gmodal = Γ x gmaterial, 38 where Γ is the modal
confinement factor and gmaterial is the material gain. The much higher QD loading of our
films can effectively increase the material gain by two folds.

Second, the modal

confinement factor can also be an important factor to be considered. The notably thin
films (typically 150nm-180nm) we fabricated here and the large difference in refractive
index can cause an increasing modal confinement factor (Figure B.7e) by around twofold when compared the DIAH-QD films with the OA-QD films. Third, the passivation of
QD surface could also possibly affect the gain value due to the surface trapping. In
colloidal quantum dots, two major routes of non-radiative pathway are the surface
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trapping and the auger recombination.1

In the past, the auger recombination was

considered to be the dominant factor over surface trapping owing to the fast auger
recombination lifetime of 1-100ps.

However, due to the much suppressed auger

recombination lifetime on the order of ns in our CdSe/Cd1-xZnxSe1-ySy core/alloyed shell
quantum dots, we believe the surface trapping related to poor passivation of QD surface
may become an important factor to affect gain values. Indeed, our PL stability tests
discussed in next section showed that both amine ligand capped QD films (DIAH and
BA) have better PL stabilities over the carboxylic acid ligand (OA) capped QD films,
indicating amine group provide a more thorough and robust passivation of QD surface
compared with the OA ligands.

Further study on how different functional groups of

ligands can affect the passivation and therefore the optical gain values should be
investigated in the future. Also, the much larger net gain value observed here may also
be due in part to the high uniformity of the crosslinked QD films, which reduces optical
scattering and leads to optical losses being as low as 50 cm -1 for some films (usually
within the range of 40 cm -1 to 200 cm -1 for all films tested) (Figure B.9).39

6.3.4 PL stability study of QD film with different ligands
To further clarify the role of QD crosslinking with short bifunctional ligands, we
conducted

ASE

stability

test

under

continuous

optical

pumping

(Figure 3d).

Remarkably, the ASE intensity of DIAH-passivated QD films remains constant during
continuous pumping (500 μJ/cm 2) over a period of 45 minutes (>25000 pulses, 10 Hz),
indicating an excellent reproducibility over numerous laser shots within ±10%. This high
stability is in sharp contrast to cast CdSe films that exhibit a reduction in intensity of up
to 50% of the original value within one hour, depending on the pumping intensity of the
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CW laser excitation.5

Unfortunately, ASE stability tests are rarely reported for high

performing gain QD materials.9

In addition to the ASE stability test, we performed long-term shelf life-time PL stability by
repeating PL measurements under identical conditions for samples stored under
ambient conditions for an extended time (Figure 3e) (see also data for vacuum storage
in Figure B.10). These tests show that the crosslinked DIAH-tethered QD films display a
long-term temporal stability of the PL intensity (within ±5% from the initial values). On
the other hand, the PL intensity of non-crosslinked BA-capped QD films and traditional
OA-capped QD films (widely reported in the literature) decayed dramatically within the
same time period (50%-70% reduction of the original intensity) (Figure 6.3e).

We

suggest that the stronger binding affinity and higher surface coverage of QDs with
shorter aliphatic amines provided a more thorough and robust passivation of QD surface
compared to the oleic acid ligands. The fast oxidation and diffusion of the conventional
unbound ligands promote the generation of defect states on the QD surface that results
in PL quenching.22,40,41,42 Also, volatile aliphatic amines like BA that have a low mp and
bp and a high vapor pressure can undergo desorption from the QD surface under
ambient conditions, which further promotes a reduction of photoluminescence in uncrosslinked short-ligand QD films.

6.4 Conclusions
In summary, mechanically robust, optically stable, and highly loaded crosslinked
core/alloyed-shell QD films with net gain values up to 650 cm -1 in the q-CW excitation
region were successfully crafted by replacing commonly used long-chain organic ligands
with short-chain bifunctional ligands with strong affinity to the QD surface. The net gain
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values reported here are much higher than those measured for long-chain oleic acid QD
films and those reported for drop-cast QD films capped with various conventional
organic ligands. The unusually low (an order of magnitude) ASE threshold observed
here under ns pulse excitation can be utilized to generate significant optical gains under
lower optical powers initiated by near-continuous lasers. The crosslinking of uniformly
distributed QDs imparts exceptional mechanical robustness, high chemical resistance,
excellent thermal stability, and long-term optical stability, greatly outperforming
conventional physically absorbed QD films passivated with traditional ligands.
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CHAPTER 7
LARGE-SCALE ROBUST QUANTUM DOT MICRODISK
LASERS WITH CONTROLLED CAVITY MODES
7.1 Introduction
Compact semiconductor photonic cavities are often fabricated using either top-down1 or
bottom-up 2 approaches.

The top-down approach typically involves a lithographic

process (e.g., photo or electron beam lithography24) to predefine the surface of
deposited active semiconductor layers. A patterned photoresist provides protection from
an etching process (using appropriate selection of conditions), which subsequently
removes the material that is not protected.

Depending on the resolution of the

photoresist, micro and even nanoscale cavities with well-defined geometry can be
reliably fabricated.

The ability to control the spatial dimensions of the photonic

structures is essential for realizing practical and robust on-chip photonic circuits, and is a
primary reason these top-down approaches are utilized.

However, these top-down

lithography approaches often require complicated microfabrication processes under
clean-room conditions and expensive facilities in order to properly etch or deposit the
materials.3

On the other hand, the bottom-up approach offers facile and low-cost assembly of high
quality colloidal photonic cavities directly on the desired substrate via the self-assembly
and crystallization process. Colloidal cavities assembled using the bottom-up approach
have been shown to possess good lasing performance (quality factors (λ/δλ) on the
order of 103) and low lasing thresholds (down to a few hundred nJ/cm 2).4 The impressive
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lasing characteristics have made them promising candidates for flexible compact
semiconductor lasers with low lasing thresholds (~µJ/cm 2)30 However, at the present
time, precise control of the size, shape, and location of these bottom-up colloidal cavities
is challenging since the local crystallization and assembly processes depend critically on
local temperature gradients, concentration of precursors, and pressure.

5

These

obstacles severely hinder the integration of these cavities into practical flexible on-chip
photonic circuits that may require optical cavities with specific dimensions and location.

Here we present an efficient hybrid top-down/bottom-up approach via a pattern-assisted
layer-by-layer (LbL) assembly process to fabricate large-area on-chip quantum dot
microdisk laser arrays. 6,7,8 Utilization of QD nanoparticles along with the pattern-assisted
LbL assembly enables the facile and vacuum-free fabrication of robust photonic cavities
with predefined size, geometry, and location over a large scale in a simple manner,
which is not an easy task for conventional top-down approaches or current bottom-up
approaches. Importantly, this patterning approach represents a significant improvement
in throughput and can be up-scalable, with fast fabrication of thousands structures per
hour which is much higher than previous studies using focused ion beam milling (FIB)
and electron beam lithography (EBL) due to the parallel nature of the process.
Furthermore, fabricated structures exhibit exceptional uniformity (size variation below
5%) over cm2 areas, demonstrating the ability to precisely control the dimensions of
fabricated structures. In addition, the high chemical resistance and mechanical strength
of the microstructures, imparted via chemical crosslinking of functionalized quantum dots,
allows them to withstand severe conditions such as sonication and direct exposure to
harsh solvents. Furthermore, intense lasing behavior with high quality factors of 10002000 were observed, with the number of cavity modes and their mode spacing readily
controlled by varying the disk radius. The ability to control the dimension and spatial
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distribution of robust and large area cavity arrays, while maintaining high quality factors,
may provide a platform for the development of novel PT photonic systems that may
exhibit exceptional points for single-mode lasing and directional light propagation. 9,10

7.2 Experimental details
Optical characterization: UV-vis extinction spectra of QD solutions (quartz cuvette)
from 350-900 nm (1 nm intervals) were collected using a Shimadzu UV-vis-2450
spectrometer with D2 and tungsten lamps offering a wavelength range of 300-1100 nm.
The QD extinction spectra were corrected against the pure solvent background and the
same quartz cuvette. Photoluminescence spectra of QD solutions were collected using
a Shimadzu RF-5301PC spectrofluorophotometer with the excitation wavelength of
525 nm.
Photoluminescence (PL) images were collected using a Dagexcel-M Digital Firewire
camera. All PL imaging was performed using photoluminescence excitation from a blue
bandpass filter (450-490 nm) with a dichroic mirror that reflects optical wavelengths
below 495 nm, and with a longpass emission filter that passes optical wavelengths
above 500 nm. The light source is a quartz halogen lamp with an aluminum reflector
providing a wavelength range of 420−850 nm and a power of 150 W of nonpolarized
light.

Fabrication of QD microdisks: The patterning process used for fabricating QD
microdisks includes several stages.

First, a low refractive index layer of CYTOP

(n = 1.34) was deposited on the Si wafer (n = 3.44) in order to provide light confinement
within the QD cavities. A short oxygen plasma etch (5 seconds) was performed to
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improve the wettability of the CYTOP surface for the deposition of the negative
photoresist (NR 71-3000p). Ethyl lactate was added to the negative resist NR71-3000p
solution to dilute it to one third of the original concentration provided by the company.
The diluted resist was spun cast on the silicon substrate (3000 rpm for 1 minute). The
cast film was subsequently soft baked at 165℃ for 5 minutes and exposed to 365 nm
with a dosage of 123mW. The exposed film was then post-baked at 100℃ for 5 minutes
and developed by soaking in RD6 developer for 5 sec. After the development, the film
was rinsed with water and dried by blowing with air. The QD microdisks were fabricated
by spin casting butylamine-capped QD solution (in heptane) of ~3-6 mg/mL at 1000 rpm
for 1 minute onto the polymer pattern. The cast layer was subsequently immersed in
0.1M diaminoheptane solution in methanol for 1 minute and rinsed with methanol 2 times
while spinning at 3000 rpm for 1 minute.

The above process was repeated multiple

times to achieve the desired thickness. The polymer pattern was subsequently removed
by soaking in acetone while sonicating for 3-10 seconds.

Confocal micro PL configuration (Figure C.8): A Passat LTD. Compiler diodepumped solid-state laser delivering 7ps pulses at 532nm with 100Hz repetition rate was
used to pump the samples. A pair of polarizers was used to control the pump fluence, I p,
while an iris was used to control the beam spot size. The pump is directed through a
40x (NA = 0.65) microscope objective using a dichroic mirror and focused on the
sample. The emission is collected through the same objective, transmitted through the
dichroic mirror and focused onto a 0.5mm diameter optical fiber coupled to a 1/2m
spectrometer and CCD array (resolution = 0.29nm) or collimated and projected onto a
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camera lens for fluorescence imaging. An additional long pass filter is used to further
attenuate the reflected pump beam.

7.3 Results and discussion
7.3.1

Fabrication of disk arrays

We adopted a facile one-pot method (with some modification) to synthesize red-emitting
core/graded shell CdSe/Cd1-xZnxSe1-ySy QDs with an average diameter of 7.7±0.7 nm.
(Figure C.1).11 The graded shell of QDs has been shown to effectively suppress Auger
recombination, which is a primary obstacle for achieving optical gain from QDs. 12 ,13
Moreover, to fabricate mechanically robust QD microstructures, we used a solid state
exchange process that tethers neighboring QDs via bifunctional crosslinkers to create
highly crosslinked network impart mechanical strength and chemical resistance.14

The pattern-assisted LbL assembly used here to fabricate the QD photonic cavities
includes several steps. First, circular microholes with a depth of 300 nm were fabricated
in a photoresist using a standard photolithography process (Figure 7.1 a, steps 1-4).15
Then, these microholes were subsequently filled with functionalized QDs using a spinassisted LbL assembly by repeating deposition steps in a controlled sequential
manner.7, 16 This deposition process was repeated until the structure achieved the
desired thickness within the range of 100-200 nm, as monitored after the completion of
fabrication process. The disk thickness grows linearly with the number of deposition
cycles, as expected for LbL assembly with an increment of 25-30 nm per layer
(Figure C.2).17
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Figure 7.1 Schematic outlining the hybrid top-down/bottom-up approach using a
pattern-assisted LbL assembly of QDs that used to fabricate the QD microdisks.
Assembled layers of close-packed QDs within fabricated thin disks were tethered to
each other via the solid state ligand exchange process suggested in our previous study
(Figure 7.1a, step 5).14

During this process, the capping ligand butylamine was

replaced with the bifunctional crosslinker 1,7 diaminoheptane (DIAH) and the
neighboring QDs were crosslinked via the strong coordination between QDs and amino
end groups of DIAH.14 Importantly, the DIAH crosslinking process imparts robustness to
the QD microdisks, which prevents cracking under sonication during the removal of the
photoresist (lift-off process) (Figure 7.1a, step 6) and facilitates the mechanical integrity
of the structures (Figure C.3). It is also worth mentioning that the underlying CYTOP
layer acts as potentially important prime layer for fabrication on a variety of substrates
due to its low refractive index, mechanical robustness, and chemical resistance to
different solvents (polar and non-polar).
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With this method, large area organized arrays composed of a few thousand QD
microstructures with predefined shape, size, and location can be fabricated in less than
an hour (Figure 7.2, C.4). Furthermore, because the microdisks are composed of a
crosslinked QD network, they are chemically resistant to polar and non-polar solvents.14
This is a particularly desirable property if the microdisks are exposed to chemically harsh
environments during the lift-off process or should operate under variable environment
conditions. It is worth noting that the chemical stability of microdisks is in stark contrast
to the conventionally fabricated colloidal cavities that are easily dissolvable in polar
solvents (e.g., perovskite cavities).18,19

Figure 7.2 Left: Optical micrograph of a substrate under UV illumination with an array of
microdisks (diameter of 52.1 μm). Right: bright field image of a microdisk array at higher
magnification.

7.3.2

Characterization of disk morphology

Figure 7.3a, b shows a series of fabricated QD microdisks with diameters ranging from
10 to 52 μm. In general, the size and location of the microdisk arrays closely match the
original mask patterns (within 5%) (Figure 7.2, 3c, C.4). The shape of all fabricated
microdisks, which is predefined by the patterned microholes in the photoresist, is almost
perfectly circular with minimal density of defects and smooth side walls (Figure 7.2d).
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Figure 7.3 Bright field (a) and PL (b) imaging of QD microdisks with diameters of
10.6, 26.0, 41.6 and 52.1 μm. (c) Bright field image (left panel) and PL image (right
panel) of a 3x3 disk array (52.1 μm in diameter). (d) SEM of a microdisk (inset: side
wall).

The morphology of the fabricated microdisks was further investigated using atomic force
microscopy (AFM). It was found that the microdisks actually possess a peculiar nest-like
shape with elevated rims, a common feature of a flow- and evaporation-driven assembly
of colloidal and polymeric materials, generally known as coffee-ring effect, with fluidic
flow under confined spaces (Figure 7.4).20,21,22 This inhomogeneous distribution did not
noticeably affect the global disk-like shape since the boundaries of the microholes were
well-defined by the photolithography process and the rims compose only a small fraction
of the microdisk volume. Generally, the rim height (270-280 nm) is close to the depth of
microfabricated holes in the photoresist (~300 nm), while the thickness of the uniform
central region of the disk is about half of this value: around 100 nm for larger disks
(>26 μm) and around 150 nm for the smallest disk (10.6 μm).
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Figure 7.4 From left to right: AFM topographical images (top-view), 3D projection, and
height cross-section profiles of QD microdisks with diameters of (a) 10.6 μm, (b)
26.0 μm, (c) 41.6 μm, and (d) 52.1 μm, respectively.

7.3.3

Optical properties and lasing behavior

Optical characterization was performed by pumping the microdisks with a 532 nm, 7 ps
pulsed laser in a confocal micro PL set-up. We observed that an increase of pump
fluence causes an increase of the optical gain from the QD microdisks, which eventually
surpasses the optical loss and leads to consequently the onset of light amplification
(amplified spontaneous emission (ASE) threshold) and intense lasing behaviour when
inside an optical cavity such as the microdisks. This non-linear behavior leads to the
appearance of sharp spectral peaks (due to optical cavity modes) over the broad
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spontaneous emission band once threshold is exceeded, confirming the occurrence of
lasing action in the fabricated microdisks (Figure 7.5).

Figure 7.5 (a) 2D (b) 3D representations of lasing spectra of QD microdisk
(diameter of 26.0 μm) under varying pump fluence (F th is ~29 μJ/cm 2). Baselines of
the 2D lasing spectra are offset for clarity.

This non-linear optical behavior can also be observed in the power-power plot where the
microdisk studied (example is shown for 26.0 μm disk) shows an abrupt change from a
linear pump dependence to a super-linear pump dependence (on the log-log scale) at
the ASE threshold (Figure 7.6a).

In general, the ASE thresholds for microdisks of different diameter are found to be on the
same order of magnitude (29-90 μJ/cm 2), which are comparable to the best values
reported in literatures. 23,30 It is also worth noting that in ~87% of the microdisks the
appearance of cavity mode splitting was observed at threshold (Figure C.5). Scattering
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centers that are responsible for the mode splitting can be clearly seen as bright spots in
Figure 7.6b.

Figure 7.6 (a) PL emission vs excitation fluence of a QD microdisk. The threshold
pump fluence, Fth is determined from the interception of the linear and superlinear
behaviors. (b) PL emission images of the QD microdisk (diameter of 26.0 μm) below
(left) and above (right) lasing threshold. The scale bar is 5 μm for both images.

For one of the smaller microdisk, 10.6 μm, we observed mode-splitting at intensities
significantly higher than the threshold value. We suggest that the smaller circumference
limits the amplification of laser modes and causes the inability of the resonators to
sustain high light intensities for lasing. The mode splitting could possibly be related to
local heating and annealing near the circumference (namely the rim area) when the
pump fluence is highest. The specific mechanisms underlying this behavior are part of
an ongoing study.

The cavity mode spacings (Δλ) of QD microdisks with different sizes decrease as the
disk diameter increases while at the same time the number of resonant longitudinal
cavity modes gradually increases in agreement with theory (see below) (Figure 7.7).24

150

Moreover, near-single mode and multimode behavior can be readily controlled by
varying the diameter of the fabricated QD microdisk in the relation with the gain
spectrum of QDs and Δλ (Figure 7.7). Importantly, the much narrower gain spectrum
(~30 nm) for QDs compared with those of organic dye molecules (~30-100 nm)25 can be
advantageous to achieve the near-single mode operation over a wider range of disk
sizes, providing more flexibility on the structure design.

In addition, the readily

accessible near-single mode and multimode operation of this system could be extremely
useful when trying to accommodate specific needs in a wide range of applications,
including

optical

communication

(single

mode)

and

nanoparticle

detection

(multimode).26,27

Figure 7.7 Lasing spectra of QD microdisks with diameter of 10.6 μm (red), 26.0 μm
(orange), 41.6 μm (green) and 52.1 μm (blue). Δλ is the average mode spacing between
the observed longitudinal cavity modes.
The relationship between mode spacing (Δλ) and cavity length (L) can also provide
detailed information on the cavity type and the effective refractive index of the
microdisks.24 The behavior of cavity modes can be estimated using the well-known
equation, Δλ = λ2/2nL, where λ is the peak wavelength of the cavity mode, n is the
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effective refractive index of QDs and 2L is the optical path (round-trip) length.28 The
optical path length 2L in a microdisk cavity is represented by the circumference length,
πD, which gives a modified equation of Δλ = λ2/nπD.28 Our study, indeed, confirms a
linear relationship between mode spacing (Δλ) and the reciprocal optical path length
1/πD (Figure 7.8a). From this relationship, the effective refractive index of microdisks, n,
at λ = 642 nm (dominant mode of ~50% microdisks), can be estimated from the slope.
The value obtained from this analysis, 1.88 ± 0.02, is in good agreement with the
experimental value n = 1.90 measured from the uniform QD film by spectroscopic
ellipsometry.14 This refractive index value indicates that the propagating light is confined
inside the cavity and that total internal reflection occurs in the region near the
circumference of the QD microdisks; substantiating the claim that the fabricated
microdisks are, indeed, whispering gallery mode resonators.

Figure 7.8 (a) Mode spacing of cavity modes as a function of reciprocal optical path
length. (b) Microdisk quality factor as a function of disk diameter.

A more accurate effective refractive index of the microdisks (of different diameter) can
be estimated using the Fourier transform of the emission spectrum, which contains
equally spaced Fourier components with periodicity Δl = nπD (Figure 7.9).29 The path
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length (Δl) of microdisks from small to large diameters are determined to be 60.8 ± 1.3,
147.4 ± 1.3, 262.0 ± 0.1, 325.6 ± 0.1 μm, respectively. These values correspond to n of
1.82 ± 0.04 (10.6 μm), 1.81 ± 0.02 (26.0 μm), 2.00 ± 0.00 (41.6 μm) and 1.99 ± 0.00
(52.1 μm), showing that the larger disks (41.6 μm, 52.1 μm) have higher effective
refractive index (~2) than that of the smaller disks (10.6 μm, 26.0 μm around 1.81 and
1.82, respectively). The difference in n indicates better light confinements within the
microdisks of larger diameters, which is likely due to less total internal reflection and a
relatively steeper incident angle experienced by the resonant wavelength within the
smaller microdisks.24

Figure 7.9 Power Fourier transform of lasing spectra from micodisks with diameters
of (a) 10.6 μm, (b) 26.0 μm, (c) 41.6 μm, (d) 52.1 μm (Δl = nπD).

Next, the quality factor, which can be deduced from lasing spectra of microdisks, is an
important figure of merit that indicates how well energy can be stored. 24 The quality
factor is estimated as the ratio λ/δλ, where λ is the peak wavelength of the cavity mode
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and δλ is its line width.24 We observed that the quality factors of the dominant modes
are within 1400-1650 for all microdisks with different diameters (Figure 7.8b). These
values are comparable to those reported for other types of lasing structures using
colloidal and solution-processable optically active materials (perovskite, conjugated
polymer, and SiN microdisks with QDs).29, 30 , 31

In addition, mode splitting due to

scattering centers did not reduce the quality factor of microdisks significantly. Only very
modest (5-10%) decrease in quality factor was observed in microdisks with smaller sizes
(Figure C.6). These results demonstrate the effectiveness of the outlined fabrication
approach to provide superior patterning capability while maintaining the high quality
factor of robust structures of different sizes. It is worth noting that conventional top-down
approaches can yield epitaxially-grown QD doped microdisks that exhibit quality factors
exceeding 20000, however, as mentioned these techniques generally require complex
protocol and are not scalable. 32 Further improvement on the quality factor of our
structures will be important for applications that require very narrow linewidth, such as
for ultrasensitive sensors.

Furthermore, we observed a size-dependence of the quality factor, with larger disks
displaying higher values. This size dependence can be due to the higher reflectivity in
larger disks that leads to better light confinement (energy storage), which is consistently
in agreement with the observed trend of higher n in larger disks analyzed by using
Fourier transform of emission spectra. 33 Specifically, the quality factor increased by
~20% when the disk size changed from 10.6 μm to 52.1 μm. Since the lasing threshold
is typically inversely proportional to the quality factor, this increase yields only a small
decrease of lasing threshold and could therefore explain why the lasing thresholds of
microdisks of different sizes remained on the same order of magnitude (30-90 μJ/cm 2)
(estimated lasing threshold for microdisks ranging from 52.1-10.6 μm).34 Besides the
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disk size, disk thickness can also be another factor that may affect the lasing behavior.
In general, mode confinement is stronger as the thickness increases, leading to higher
quality factor and lower lasing threshold. On the other hand, the peak position and
number of cavity modes, determined by length of disk circumference, do not change with
the disk thickness. In our specific case, rim thickness is almost constant and depends
on the photoresist thickness while the center thickness grows linearly with the number of
depositions. Since the mode volume is heavily concentrated along the circumference,
the center thickness should not affect the optical mode confinement significantly.

The size-dependent quality factor and n of our microdisks indeed indicates the curvature
of the disk boundary plays an important role in quality factor instead of the center
thickness that changes from 150 nm (10.6 µm) to 100nm (25, 40, 50µm).

Further

optimization of the rim thickness by FDTD can be adopted in the future to improve the
lasing performance.

In addition, all disks have a higher quality factor at longer

wavelengths (Figures C.7). This behavior is caused by the optical loss arising from the
reabsorption of QD emission (overlap of absorption and emission bands), which is more
pronounced on the lower wavelength side of the emission band (Figure C.1a). Overall,
the quality factor of all QD microdisks fabricated here remains high, within 1000-2000,
for all disks with diameters ranging from 10 to 52 μm. In addition to displaying high
quality factors and low lasing thresholds, the amplified spontaneous emission intensity of
our crosslinked quantum dot films is quite stable under optical pumping, as
demonstrated in our recent study.14 The combination of stable lasing output with the
outlined lasing characteristics of our large-area microdisk arrays suggests that they can
indeed support the development of advanced and practical photonic circuits.
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7.4 Conclusions
We have demonstrated a viable pattern-assisted assembly process that judiciously
combines the facile fabrication and precision of optical lithography for the fabrication of
large-area arrays of on-chip QD microdisks with intriguing non-linear optical
characteristics. Reliable tuning of the number of cavity modes and their mode spacing
was successfully achieved by adjusting the diameter of the fabricated microdisks
fabricated as large-area arrays.
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CHAPTER 8
LARGE-AREA LASING AND MULTICOLOR
PEROVSKITE QUANTUM DOT ARRAYS
8.1 Introduction
Recently, a new class of semiconductor nanocrystals, namely, all-inorganic perovskite
CsPbX3 (X=Br, Cl, I) quantum dots (QDs), has attracted great attention due to their
intriguing optical, chemical, and lasing properties. 1,2,3,4 Unlike more conventional Cd
based QDs, CsPbX3 QDs do not require shell passivation to achieve high quantum yield
due to the self-passivation effect of halogen, 5 , 6 enabling a facile synthesis of highly
fluorescent emitters without the need of careful design of core/shell interface. 7 , 8 In
addition, the absorption and emission spectra of QDs can be altered not only by size but
also by the facile composition tuning via anion (i.e., X) exchange, thereby providing more
freedom to achieve superior optical properties. 9 Moreover, high net optical gain value of
450 cm -1 and low pump threshold down to 5 µJ/cm 2 have been reported, demonstrating
that these QD can be readily used for light amplification and lasing at very low excitation
intensity.10 These properties have been extensively studied for use in spectrochemical
probes, light-emitting diodes, and vertical cavity surface emitting lasers. Clearly, these
show that CsPbX3 QDs have potential for a variety of optoelectronic applications. 11,12,13

In recent years, patterning techniques for single crystal and polycrystalline perovskite
materials have been extensively developed including electron beam lithography,
controlled crystallization via molding, inkjet printing and template assisted patterning with
intriguing photonic properties. 14,15,16,17,18,19 In contrast, nearly all studies of perovskite
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nanoparticles such as QDs to date have focused on the synthesis, photophysics and
optoelectronic applications while the development of patterning techniques has been
comparatively few and limited in scope. 20,21 This approach contrasts sharply to the Cdbased QDs where high-resolution lithographic methods such as electron-beam
lithography and photolithography have been adopted widely to integrate Cd-based QDs
into micro- and nanoscale devices. 22,23 The difference is essentially understandable,
when considering the ionic nature of CsPbX 3 QDs, which makes them prone to
dissolution in common polar solvents that are required in these high-resolution
lithographic methods. 24,25 The chemical instability to polar solvents severely hinders the
integration of these QDs into patterned photonic structures.

Moreover, unlike

counterpart of the bulk perovskite materials that can be patterned by dissolving polymer
spheres or templates with non-polar solvent such as toluene19, the ligand-capped
perovskite QDs are unfortunately well dispersed in non-polar solvents.

The solvent

constraint in both polar and non-polar solvents indeed places the development of
CsPbX3 QD patterning for miniaturized optical arrays in a dilemma. Clearly, a novel
lithographic method should be proposed to effectively overcome the low material
processability of CsPbX3 QDs that originates from the solvent constraint, while
preserving the ability to achieve large-area high-resolution patterns.

Herein, we report a novel photolithographical approach that overcomes the processing
limitations of perovskite QDs by incorporating a fluorinated polymer resist, which
provides orthogonality to these QDs during the lift-off process with the fluorinated solvent
processing without affecting QD emission performance. The orthogonality and spatial
precision of photolithography enable the facile fabrication of large-area arrays of
sophisticated patterns with submicron-sized features. We further demonstrated how this
patterning technique can be used in different fabrications including QD microdisk arrays
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with lasing properties and multicolor pixels on the same chip. Furthermore, arrays of
microdisk laser arrays with high quality factor of optical cavity modes of 500-700 were
successfully fabricated.

Finally, we demonstrate the versatility of our approach to

integrate QDs with different emission properties into large-area arrays of multicolor
microscale patterns with high areal density of ~1000 pixels per inch (ppi). Importantly,
this novel patterning approach can be potentially applied to other types of QDs with poor
environmental stability for the development of QD-based photonic structures.

8.2 Experimental details
Gain measurements: The third harmonic (355 nm) of a Spectra Physics Quanta-Ray
INDI-series Pulsed Nd:YAG laser (pulse width of 7 ns, repetition rate of 10 Hz) was used
directly as a seed for a GWU-Lasertechnik basiScan Beta-Barium Borate Optical
Parametric Oscillator (OPO), producing tunable pulses of 450nm with 10μJ maximum
pulse power (pulse width of 7 ns).

For the variable stripe length (VSL) gain

measurements, the excitation beam was shaped into a stripe of 125 μm width using a
cylindrical lens (15 cm focus length), and the stripe length was controlled by a pair of
blades mounted on mechanically controlled stages that provided an adjustable slit. Only
the central 10 % of the beam was used to minimize pump inhomogeneity due the
Gaussian intensity profile. The pump beam intensity, I p, was varied by means of a pair of
polarizers. One end of the stripe excitation was placed on the cleaved edge of the film
while the length of the excitation stripe was progressively increased. The emission from
the edge was collected with a 1 mm diameter fiber and recorded using a commercial
spectrometer (Ocean Optics USB4000; resolution 2 nm). Gain values were extracted by
a fit of emission vs. stripe length to data the 1-D amplifier model, as originally proposed
by Shaklee and Leheny.32
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Fabrication of QD patterns: The patterning process used for fabricating QD patterns
includes several stages. First, thinning solvent 700 was added to the OSCoR SL 1 resist
solution to dilute it to half of the original concentration provided by the company. The
diluted resist was spun cast on the silicon substrate to form a 400nm thick film
(2000 rpm for 1 min). The cast film was baked at 100℃ for 1 min to remove the residual
solvent. Short oxygen plasma etching (5 sec) was performed to improve the wettability of
the OSCoR SL 1 film surface for the deposition of the negative photoresist (NR 71-3000
p). Ethyl lactate was added to the negative resist NR71-3000p solution to dilute it to one
third of the original concentration provided by the company. The diluted resist was spun
cast on top of OSCoR SL 1 film surface (3000 rpm for 1 minute). The cast film was
subsequently soft baked at 100℃ for 5 minutes and exposed to 365 nm with a dosage of
123mW. The exposed film was then post-baked at 100℃ for 5 minutes and developed
by soaking in RD6 developer for 5 sec.

After the development, the film was rinsed with water and dried by blowing with air. 23
Plasma etching (300W) with fixed gas flow at 45 sccm (O 2) and 5 sccm (Ar) was
performed for 60 seconds in order to etch the underlying OSCoR SL 1 resist. CsPbBr3
QD solution was spun cast (1000rpm for 1 minute) on the patterned templates. The
sample was subsequently immersed into Orthogonal Stripper 700 for an hour to dissolve
the OSCoR SL 1 resist and lift off the photoresist along with the attached CsPbBr3 QD
assemblies. To fabricate QD microdisk arrays, a low refractive index layer of CYTOP
(n = 1.34, 1.5µm thick) was deposited on the Si wafer (n = 3.44) prior to the deposition of
OSCoR SL 1 resist, in order to provide light confinement within the QD cavities.

163

Confocal PL configuration: The 450-nm output of the OPO was used to pump the
samples. A pair of polarizers was used to control the pump fluence, while an iris was
used to control the beam spot size. The pump is directed through a 40x (NA = 0.65)
microscope objective using a dichroic mirror and focused on the sample. The emission
is collected through the same objective, transmitted through the dichroic mirror and
focused onto a 0.5-mm diameter optical fiber coupled to a 1/2m spectrometer and CCD
array (resolution = 0.29 nm) or collimated and projected onto a camera lens for
fluorescence imaging. An additional long pass filter is used to further attenuate the
reflected pump beam.

8.3 Results and discussion
8.3.1

Fabrication of CsPbBr3 micropatterns

To fabricate patterns of all-inorganic perovskite quantum dots, we utilized green-emitting
CsPbBr3 QDs.12 Figure 8.1a shows the basic optical absorption and emission spectra of
synthesized CsPbBr3 QD.

Transmission electron microscopy (TEM) was used to

examine the overall shape and size of the synthesized CsPbBr 3 QDs (Figure D.1). The
shape of CsPbBr3 QDs is close to cuboids with the average length and width to be
13.1 ± 1.1 nm and 6.5 ± 0.7 nm, respectively. Generally, we do not observe significant
difference in their absorption and emission spectra compared to those of QDs with cubic
shape because their dimensions are close/above their Bohr diameter (7 nm)26, indicating
that our QDs are in the weak confinement regime with stabilized optical properties.

As known, attempts to purify common perovskite QDs showed that excessive washing
steps lead to removal of ligands and insolubility to non-polar solvent, while insufficient
washing leads to excessive ligands that are still presented in the final QD solution thus
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compromising multi-stage lithographical process.24 Hence, we have adopted a synthesis
method that utilizes only oleic acid as the surface capping agent. 12

This method

prevents ligand dynamic binding leading to the facile ligand loss during purification
procedures.12,27 Indeed, as-prepared colloidal solutions show better colloidal stability
compared to those synthesized by conventional methods.

Figure 8.1 (a) Absorbance and fluorescent emission of CsPbBr 3 QDs in hexane. (b)
Schematic of solvent constraint of CsPbBr 3 QDs.
Furthermore, to overcome the solvent constraints, the direct exposure of perovskite QDs
to polar and non-polar solvents should be avoided during the lithography process since it
causes their dissolution (Figure 8.1b).

Therefore, we utilize the fluorinated polymer

(OSCoR SL 1) as a novel sacrificial layer. 28 This sacrificial layer enables patterning
using standard photolithography while providing the orthogonality to CsPbBr 3 QDs
during lift-off process. Specifically, the fluorinated polymer along with photoresist can be
removed by immersing the QDs into the fluorinated stripper which dissolves the
underlying fluorinated polymer layer while the CsPbBr 3 QD patterns remain intact,
because the interaction of the stripper with CsPbBr 3 QDs is minimal.
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The orthogonal lithography process includes several steps (Figure 8.2). 29 First, the
fluorinated polymer is spin-cast on a substrate as a sacrificial layer (Figure 8.2, step 1).
Subsequently, standard photolithography was used to fabricate microscale trenches of
predesigned patterns (Figure 8.2, step 1-4).

Figure 8.2 Schematic that outlines orthogonal lithography approach for fabricating
CsPbBr3 QD patterns via the insertion of fluorinated polymer layer and standard
photolithography.

During the patterning process, the photoresist template acted as a mask while an
oxygen plasma etch was performed to etch the underlying fluorinated polymer
(Figure 8.2, step 4). These patterned trenches were subsequently filled with CsPbBr 3
QDs via spin-coating (Figure 8.2, step 5.1).
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Finally, the fluorinated polymer was

dissolved by immersing into the fluorinated stripper while CsPbBr3 QDs attached to the
photoresist layer were lifted off (Figure 8.2, step 5.2-5.3) and remained strongly
emissive (Figure 8.2, step 6).

With this method, large-area (2 cm x 2 cm) arrays of different patterns can be fabricated
(Figure 8.3a). Examples of QR codes, circles and square spirals with high emission in
green range are shown in Figure 8.3b, c and D.2.

Figure 8.3 (a) Left panel: Optical micrograph of a substrate under UV illumination
with arrays of different QD patterns. Right panel: fluorescent images of QD arrays of
different patterns at the corresponding positions. All scale bars are 200 μm. Bright
field (b) and fluorescent (c) images of different individual elements.

8.3.2

Optical gains of CsPbBr3 QD film
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Prior to the investigation of optical mode activity in perovskite microdisks, we conducted
measurements to evaluate the lasing properties of assembled uniform CsPbBr 3 QD film
using a standard configuration of the variable stripe length (VSL) method with a pulse
laser excitation. 30 Significant spectral narrowing and an exponential increase of the
emission intensity indicate mirrorless laser action (Figures 8.4a, b, D.3a).

Figure 8.4 (a) Emission intensity vs excitation fluence response of CsPbBr3 QD film
with ASE threshold as noted. (b) Emission spectra of QD film at various stripe
lengths. (c) The optical gain spectra and (d) fitted optical gain values at 534 nm for
as-prepared CsPbBr3 QD film at various pump fluences. (e) The optical gain spectra
and (f) optical gain values at 534 nm of CsPbBr3 QD film after immersion into
fluorinated stripper for an hour at various fluences.
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A characteristic the amplified spontaneous emission (ASE) threshold occurs at
125 ± 40 μJ/cm 2 which is lower than previously reported values and close to those
extrapolated for femtosecond lasing.10,31 Next, net gain values were measured to be as
high as 180 ± 25 cm -1 in the CsPbBr3 QD films which is higher than that measured for
other QD films (Figures 8.4c, d, D.3b).30,32 Furthermore, we have investigated solvent
resistance of the CsPbBr3 QD film, since CsPbBr3 QD are known to be extremely
sensitive to solvents. In fact, the net gain values remained high after immersion into
fluorinated stripper for an hour thus enabling the fabrication of CsPbBr 3 QDs patterns
(Figure 8.4e, f). This is in contrast to fast deterioration of fluorescence after immersion
of common photoresists in water for a minute.33

8.3.3

Optical properties and lasing behavior of microdisks

To study the optical mode activity of CsPbBr 3 QD structures, we have fabricated
microdisks with various diameters, D, from 11.7 to 52.2 µm (Figure 8.5).

The QD

microdisks were found to possess a nest-like topography, where elevated rims are
formed toward the circumference, common for these structures (Figure 8.5b).34,35 The
QD microdisks fabricated here display intense localized emission, suggesting strong
waveguiding and efficient cavity optical mode generation (Figure 8.6).

A non-linear

behaviour was observed with increasing pump fluence, where the threshold intensity
was determined to be ~200 µJ/cm 2 (Figure 8.6a), a value similar to threshold values
observed for the pristine QD film. In addition, sharp spectral peaks appeared over the
broad spontaneous emission band once the pump fluence exceeds the threshold value
(Figure 8.6b). All of these findings confirm the preservation of optical lasing activity and
total internal reflection near the disk circumference. The cavity mode spacing (Δλ) was
found to decrease with increasing disk diameter, while the number of resonant
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longitudinal cavity modes increases in agreement with theoretical predictions
(Figure 8.6b).36,37,38

Figure 8.5 (a) Bright field (top) and fluorescent (bottom) images of QD microdisks
with diameters of 11.7, 21.8, 26.7, 31.8, 41.6 and 52.2 μm. All scale bars are 5 μm
(b) From left to right: AFM topographical image (top-view), height profiles, and 3D
image of QD microdisk with diameter of 31.8 μm.

Figure 8.6 (a) Emission intensity vs. excitation fluence measured from a CsPbBr3 QD
microdisk. The threshold intensity, Fth is determined from the interception of the linear
and superlinear responses. Inset: PL images of QDs microdisk (D = 26.7 μm) below
(left) and above (right) lasing threshold. The scale bar is 10 μm for both images. (b)
Lasing spectra of QD microdisks with D = 11.7 μm, 21.8 μm, 26.7 μm, 31.8 μm,
41.6 μm and 52.2 μm, respectively. Δλ is the average ‘mode spacing’ of the observed
longitudinal cavity modes.
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This trend is also confirmed by the linear relationship between the cavity mode spacing
(Δλ) and the reciprocal optical path length 1/nπD, according to the relation, Δλ =

2

/nπD

which is expected for circular microcavity (Figure 8.7a).36 From this relationship, the
group index, n of the CsPbBr3 QDs microdisks was estimated to be 3.2 which is larger
than the bulk refractive index of CsPbBr 3 (n=2.3).45 The enhancement in refractive index
may be attributed to the exciton-photon coupling that has been discovered in single
crystalline perovskites, which should be further investigated in the future.39,40
Moreover, the mode number can also be estimated by using lasing spectra of microdisks
with different sizes and their corresponding mode spacing. The mode number was
estimated to be 3, 6, 7 and 8 for disk size of 11.7 μm, 21.8 μm, 26.7 μm and 31.8 μm. It
is noteworthy that the mode number for disk size of 41.6 μm and 52.2 μm can not be
exactly estimated since line widths of cavity modes (~0.8-1 nm) are already larger than
the mode spacing (0.6-0.7 nm).

As expected, the number of modes increases

proportionally with the increasing disk size. Therefore, multimode operation with specific
set of modes is possible by carefully defining the disk size. 41

Figure 8.7 (a) The mode spacing,
of the WG modes in QD micridisk lasers with
various diameter, D vs. the reciprocal geometrical path length, 1/ D. The group index, n
is calculated from the relation: Δλ = 2/nπD. (b) The plot of mode number versus the disk
size.
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In addition we suggest that a single-mode lasing may be possible by reducing the disk
size to a diameter that is small enough to support only one cavity mode or engineering
the shape of lasing structures with suppressed secondary modes. Parity-time symmetry
is another interesting possibility where coupled lasing structures with balanced gain and
loss can achieve the exceptional point with only one specific cavity mode amplified. 42
Furthermore. the quality factor, Q, for microdisks fabricated here can be estimated from
the relation Q = λ/δλ, where λ is the peak wavelength of the cavity mode and δλ is its line
width.36 The high quality factor of the dominant modes in QD microdisks with different
diameters within the range of 500-700 is comparable to that reported from microcavities
of perovskite single crystals. 43,44 However, these single crystal perovskites are grown
with random size, geometry and location that excludes fabrication of large-area
organized photonic arrays. 45 In contrast, the precise control the spatial organization of
QD microstructures at large scale is facilitated by the photo-lithographical approach.

8.3.4

Dual color pixel arrays

In addition to single emission signature microdisk lasers we applied two-stage
orthogonal lithography process to fabricate dual color arrays by combining QDs with
different emission signature (Figure 8.8). The process flow includes the fabrication of
first pattern of circular structures (D=~11.7 µm) made of green CsPbBr3 QDs
(Figure 8.2). Next, the second complementary pattern was fabricated from red-emitting
CdSe/Cd1-xZnxSe1-ySy QDs by using the same orthogonal lithography process and the
mask aligner for positioning microdisks. The standard photolithography was again used
to create a secondary photoresist mask on top of the fluorinated polymer with embedded
prior fabricated structures (Figure 8.8, step 1-3).
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Figure 8.8 Schematic that outlines the orthogonal lithography approach that is used
multiple times for fabricating dual-color patterns of QDs.
During the second lithography process, the CsPbBr 3 QD patterns were fully protected by
the fluorinated polymer and hence maintained their structure integrity.

Fluorinated

polymer not covered by photoresist was etched by plasma etching, generating local
trenches on the substrate (Figure 8.8, step 4). Red-emitting CdSe/Cd1-xZnxSe1-ySy QDs
were further deposited via spin-coating and the fluorinated polymer was then dissolved
by immersing into the fluorinated stripper (Figure 8.8, step 5). Lastly, the photoresist
was lifted off leaving patterns of red CdSe/Cd 1-xZnxSe1-ySy QDs on the substrate that are
close to the first set of green CsPbBr3 QD structures (Figure 8.8, step 5-6).

The initial fabricated array shows intense green emission from CsPbBr 3 QD circular
structures (Figure 8.9a). After the second stage, the orange color appeared due to the
mixed green and red QD emissions, indicating a successful integration of two different
QD arrays onto the same chip (Figure 8.9b). Indeed, the higher resolution fluorescent
image shows microscale pixels that consist of binary pixels of closely packed green and
red QD circles (Figure 8.9c). Each pixel size is 25 µm x 25µm that corresponds to a
density of ~1000 ppi, a value that is higher than the resolution of the current phone
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displays which is typically 200-500 ppi (e.g., 264 ppi for Retina Display in iPad
display). 46

Furthermore, optical properties of these circular structures including emission spectrum
and spatial distribution of PL intensity within a single pixel were studied using highresolution hyperspectral system. PL emissions of green and red patterns were centered
at 510 nm and 623 nm with full-width half maximum of 22 nm and 40 nm, respectively
(Figure D.4). Moreover, the spatial distribution of PL intensity for both green and red
patterns were found to be nest-like with the PL intensity in the middle region is
approximately 30-40% of the maximum PL intensity at the rim (Figure 8.9d). These
spatial distributions of PL intensity have similar characteristics to the microdisk
topography indicating the physical dimension of microscale patterns controls the spatial
distribution of PL intensity (Figure 8.3b).

Importantly, blue CdSe/Cd1-xZnxSe1-ySy QDs with PL emission centered at 467nm
(Figure D.5) can also be integrated to form the third set of circle patterns by using our
approach repeatedly. Figure 8.9e demonstrated the preliminary result of RGB arrays
with three sets of QD patterns that emit at blue, green and red region, respectively.
Further optimization of our fabrication process can be done in the future to improve the
alignment between patterns. This capability can strongly support the realization of highresolution QD optoelectronic devices with miniaturized pixels including full-color QD
light-emitting diodes and photodetectors that require pixels consisting of QD components
with precisely controlled emission and absorption properties. 12,47
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Figure 8.9 (a) Fluorescent image of an array of CsPbBr3 microdisks. (b) Fluorescent
image of the binary array of CsPbBr3 QDs (green) and CdSe/Cd1-xZnxSe1-ySy QDs
(red) microdisks and corresponding high-resolution fluorescent image (c). (d) Spatial
distribution of PL intensity for ~11.7 µm individual green and red QD microdisks. (e)
Fluorescent image shows the preliminary result of RGB arrays of red, green and blue
QD patterns using our approach.

8.4 Conclusions
In summary, we fabricated high-resolution, large-area patterning of environmentallysensitive perovskite QDs for efficient lasing structures and multicolor (binary and ternary
color) emitting pixel arrays. The utilization of fluorinated photoresist and solvents allows
to avoid easy dissolution and damaging of perovskite QDs during the multi-stage
lithographical process. This approach preserves the high optical gain performance of
QDs film and efficient optical lasing of circular QD microstructures with high quality
cavity modes. Furthermore, we have demonstrated the multicolor emission arrays with
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paired circular microstructures of green, blue, and red-emitting QDs and high areal
density of ~1000 ppi, much higher than common display resolution.
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CHAPTER 9
SPECTRAL AND DIRECTIONAL PROPERTIES OF
NOTCHED AND ELLIPTICAL
QUANTUM-DOT MICROLASERS
9.1 Introduction
The miniaturization of lasers represents a significant research effort for the purposes of
developing micro-chip scale optical telecommunications networks and micro-sensors.
Micro-cavity lasers have the advantages of small modal volume and high Q-factors due
to strong light confinement effects, that can help to achieve low thresholds and fine
spectral tuning. 1,2 In particular, the class of curved-boundary optical cavities, where
confinement is based on total internal reflection such as the sphere 3, disk4, or toroid5
configurations have achieved remarkable ‘figure of merit’ and have been found useful in
numerous applications and studies. These devices support ‘whispering-gallery modes’
(WGMs) that propagate near the circumference of the microdisk and emit isotropically in
the circular plane via evanescent leakage, or quantum tunneling in the photon picture.6
Although such a low loss cavity is beneficial in rendering narrow line-widths and low
pump thresholds, the highly valued property of directional emission is lacking. In fact,
out-coupling of light in such lasing elements has been traditionally difficult.7 Therefore,
additional efforts have been made to impart directionality to these devices.

The majority of these efforts have involved boundary deformations of microdisk
cavities.8,9,10,11,12 These efforts have been fruitful in obtaining more directional emission
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patterns, and, in parallel have shown interesting spectral behavior due to the occurrence
of chaotic ray dynamics.12 Consequently, these curved structures have simultaneously
provided for explorations in interesting quantum phenomenon such as studies of
quantum chaos via classical correspondence.2,12 While it can be shown analytically that
notched and elliptical cavities will not produce chaotic dynamics13, the implications for
the spectral and directional properties of these structures should be interesting as well.
For example, tuning the deformation in liquid droplet WGM lasers enabled the
observation of an exceptional point in the Non-Hermitian optical Hamiltonian of the
system.14 Such Non-Hermitian systems have become of dramatically increasing interest
due an intriguing new avenue in optics based on Parity-Time (PT) symmetric systems, a
field that itself has relied heavily on WGM resonators.15,16,17,18

Furthermore, detection and sensing are some of the more promising applications for
WGM micro-cavity lasers.

In this case, the adhesion of particles or a change in

environmental parameters will result in a noticeable change in spectral properties of the
laser due to its strong sensitivity to the cavity surface.19,20 This essentially represents
the other side of the interest in boundary deformation, where instead of intentionally
disturbing the boundary to achieve a desired property, the change in laser properties can
be used to register and characterize an environmentally related event. Therefore, both
endeavors will benefit from an increased understanding of the way such deformations
from circular boundaries effect the spectral and directional characteristics of the
microlasers.

Here we investigate the emissive properties of notched and elliptical microcavity lasers
based on CdSe/Cd1-xZnxSe1-ySy core/alloyed-shell quantum dots (QDs). Fabrication of
micro-resonators from solution-processable semiconductors such as QDs is particularly
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advantageous due to their high optical gain and ease of fabrication, as well as
compatibility with many substrates for on-chip integration. Furthermore, the emission
wavelength can be controlled by the size of the QDs to allow for flexibility in the working
spectral range.

9.2 Experimental details
Confocal micro PL configuration: The fabricated samples were characterized using a
home-built micro-photoluminescence setup. Optical pumping to achieve laser action
was carried out using a ps-laser at 532 nm that was focused on the sample through a
40x (NA = 0.65) microscope objective using a dichroic mirror.

Emission was collected

using the same objective, and transmitted via an optical fiber to a ½ met.
monochromator spectrometer. Alternatively, emission images were recorded using a
camera. The intensity of the pump was controlled using a pair of polarizers. The angular
dependence of the laser emission from the microdisks was collected using a 125 μm
diameter bare optical fiber mounted on a rotational stage and rotated in the horizontal
plane. The fiber was held at ~1.5 mm from the rotation axis during the measurement,
giving a full-width angular resolution of about 5°.

FDTD modeling: FDTD (finite difference time domain) simulations of the EM field
propagation different shaped cavities were performed using the Lumerical software
package.
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9.3 Results and discussion
9.3.1

Spectral properties of notched microdisk lasers

Figure 9.1a shows the emission spectrum of a circular microdisk laser of diameter D=25
μm. We see a single set of modes with the expected free-spectral range, Δλ, given
approximately by the relation Δλ = λ 2⁄(neffπD), where neff is the effective mode index of
refraction. The emission image shows a uniform distribution of light intensity along the
circumference. In contrast Fig. 3b shows a more typical result, where two sets of modes
are observed. In this case we can identify bright spots in the emission image. These
bright spots are unintended defects that act as asymmetric scatterers. The presence of
defects breaks the degeneracy of clockwise and counter-clockwise WGM, which, in turn
leads to the mode splitting in the emission spectrum (Figure 9.1b).

Figure 9.1 Emission spectrum from a microdisk laser with uniform circumferential
edge (a) and one with unintended defects that result from the fabrication process (b).
The inset in each figure shows the florescent image obtained at the same intensity at
which the spectrum was measured.

To further characterize these effects, we next studied similar microdisk cavities having
symmetric ‘notch’ defects that have been intentionally engineered by design. Figure 9.2
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shows the results associated with these microdisk cavities. In Figure 9.2a, we see a
similar behavior as in Figure 9.1b, when the notch dimensions are small. In this case
the circumferential width, w = 0.5μm and the radial depth of the ‘notch’ is 2μm. When the
defect size becomes large, however as in the case when w = 2μm (shown in
Figure 9.3b), no mode splitting occurs and the expected Δλ value is observed. We have
confirmed by studying many sizes of notch that the larger notch the less mode splitting
occurs in the emission spectrum.

Figure 9.2 Emission spectrum from a microdisk laser with an intentional ‘notch’ defect
of circumferential width, w = 0.5μm and radial depth, d = 2μm (a), and another one
with dimensions of w = 2μm and d = 2μm (b). The inset in each figure shows the
florescent image obtained at the same intensity at which the spectrum was measured.

In addition to the effect on the spectral properties of these microdisk lasers, we have
also observed that the defects control the angular distribution of emission in the
azimuthal plane of the microdisk. The PL image shown in Figure 9.3 inset shows a
uniform and bright circumference.

Since the light is well confined inside the cavity

through total internal reflection, the emission originates from ‘photon tunneling’ through
an optical barrier. This occurs uniformly in the plane of the disk, as verified by the
isotropic angular dependence of the emission displayed in Figure 9.3a.
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While in

Figure 9.3b, we see that the disk with unintended and randomly distributed defects
shows a highly anisotropic profile. The reason for this is most clearly observed in the
case of a large ‘notch’ defect as shown in Figure 9.3c. Here it can be seen that the
anisotropy occurs diametrically across from the defect, due to light rays scattering at the
defect site. Intriguingly, we observe that long-wavelength modes are those that are
predominantly scattered, by measuring the spectrum at characteristic azimuthal angles,
namely in front of and diametrically across from the ‘notch’ defect, as displayed in
Figure 9.3d.

Figure 9.3 Total emissive power measured as a function of the azimuthal angle for the
microdisk of Fig. 3a (a), for the microdisk of Fig 3b (b), and for that of Fig 4b (c). (d)
Spectra recorded from microdisk shown in (c) at the angular positions of 60° and 240°
as indicated

9.3.2

Spectral properties of elliptical microdisk lasers

We next explore deviations from circular symmetric resonators by examining elliptical
structures of varying aspect ratio. The structures investigated here all possess a long
axis of 25μm and have variable length short axis. We characterized samples of ρ =0.68,
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0.72, 0.80, 0.88, and 0.92.

In Figure 9.4a we present the emission spectrum of an

elliptical microdisk with ρ=0.68. In contrast to the circular disk shown in Figure 9.1a,
here we observe two overlapping sets of peaks.

We extract the mode splitting of

different peaks and plot it in Figure 9.4b. The trend is nearly linear with the splitting
decreasing at longer wavelengths.

This suggest the possibility that the emission

spectrum results from two sets of modes with slightly different Δλ’s.

Figure 9.4 (a) Spectral of ellipse microdisk with aspect ratio of 0.68. (b) The mode
splitting wavelength of each peaks.

The spectrum shown in Figure 9.5a below is typical for the ratio ρ=0.8, characterized by
a very large splitting of the primary WGM mode progression, such that the splitting
approaches half the natural Δλ of the resonator. A useful means of quantifying this
behavior is to perform a Fast Fourier Transform (FFT) of the spectrum, as displayed in
Figure 9.5b. By first converting the spectrum to units of μm -1, the FFT gives peaks at
harmonics of the primary optical path of the lasing modes. Comparing the FFT of a
uniform spectrum from a ρ=1 sample (red) to that of the ρ=0.8 sample in Figure 9.5a
(blue), we see that the ratio of the first to the second harmonic is drastically altered, as
the splitting pushes the periodicity towards half of the FSR and adds spectral weight to
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the second harmonic.

We note that the first harmonic for the cavity of ρ=0.8 is

significantly broader compared to that of a circular cavity.

This may suggest the

presence of distinct optical path lengths separated by a small length difference.
Unfortunately, the numerical precision is not enough to more clearly resolve this effect.

Figure 9.5 (a) Laser emission spectrum from an elliptical micro-cavity with the ratio of short
axis to long axis, ρ=0.8. The inset shows the fluorescent image of the laser measured
above threshold. (b) Power Fast Fourier Transform (FFT) of a resonator with ρ = 1 (red)
compared to that of the spectrum shown in (a) (blue). (c) The ratio of the first to the second
harmonic of the FFT for different elliptical microcavities with different values of ρ. (d) The
extracted primary optical path length from resonators of different ρ. The various symbols
represent different microcavities measured for each value of ρ. The line through the data
points is the expected path length based on the perimeter of each ellipse taking a constant
neff = 2.

In Figure 9.5c we show the ratio of 1st and 2nd harmonics of the FFT for a number of
samples with different ρ. There is a clear and stable minimum at ρ=0.8 showing that the
largest splitting occurs at this ratio within the range of samples measured.

Before

considering the mechanism behind the different degrees of mode splitting that occurs in
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different shaped resonators, we point out that by using the position of the first harmonic
of the FFT we can reliably extract the primary path length and thus Δλ. In Figure 9.5d
we plot these values for various resonators having different values of ρ.

The line

through the data points shows the expected relation using the perimeter of the ellipses to
replace the circumference of the disk (neff πD) with the previously determined index, n eff
= 2. The close agreement here shows that the modes are of elliptical WGM nature, that
is, Δλ is still controlled by the optical path length at the perimeter, which, in turn depends
on the ratio ρ.

We next turn to FTDT (finite difference time domain) simulations of the electromagnetic
(EM) field amplitudes of WGMs in these structures. Figure 9.6a is the simulation of an
ellipse with ρ=0.8. It indicates that the resonator supports WGMs with different radial
mode index. The outer and inner circles respectively correspond to the two sets of WGM
in the spectrum. These two sets of modes have considerable spatial overlap with each
other which leads to coupling between them. Such a coupling produces mode-splitting
in the observed emission spectrum consistent with the data. Since the mode-splitting is
proportional to the coupling strength, the strong mutual interaction between these two
mode sets explains the large splitting observed.

The variation of ρ will deform the WGM and subsequently control the intra-cavity
interaction between these modes. In Figure 9.6b, we see that the simulation of ellipse
with ρ=0.68 shows the deformation of WGM modes are very large due to low aspect
ratio, which causes small and non-uniform spatial overlap and thus low coupling
strength. Hence, the spectrum contains two sets of modes with distinct Δλ due to the
difference in optical paths as shown in Fig. 2. For the ellipse with ρ=0.92 (Figure 9.6c)
the deformation of the cavity is not large enough to separate radial mode index.
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Figure 9.6 (a) Simulation of the EM field in several elliptical micro-cavities with (a)
ρ=0.80, (b) ρ=0.68, and (c) ρ=0.92.

9.3.3

Directional emission of elliptical microdisk lasers

The directionality of the laser emission is also influenced by the microcavity shape. As
shown in Figure 9.7, the emission pattern evolves from the isotropic pattern in circular
structures (Figure 9.3a) to a dipolar pattern with decreasing ρ. In Figure 9.7a and b we
show the angular dependence of the emission for elliptical cavities with ρ=0.8 and
ρ=0.68, respectively.

Figure 9.7 (a) Collection-angle dependence of the laser emission with fluorescent
image at the center for an elliptical cavity with (a) ρ=0.8 and (b) ρ=0.68.
It is clear that the emission is preferentially emitted perpendicular to the long axis of the
ellipse, and increasingly so as the boundary deviates further from circular symmetry.
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This is also evident from the FDTD simulations of Figure 9.6b, where the leakage from
the structure occurs much more strongly near the points of the highest curvature. As
discussed in the introduction, one of the significant draw backs of WGM lasers is that
strong light confinement limits the output to the quantum tunneling effect and inhibits
directionality. The results here suggest a simple means to overcome these limitations.

Finally, we also studied a series of coupled elliptical micro-cavity pairs as shown in
Figure 9.8a and b. In analogy to molecular dipole interactions, we refer to the case
when the coupling axis is perpendicular to the long axis of the ellipses as ‘H-type’
coupling (as in Figure 9.8a), whereas when the coupling axis is along the long axis we
refer to this as ‘J-type’ coupling (see Figure 9.8b). When two elliptical cavities joint
together, the directional emissive property is enhanced. Figure 6a shows the emission
image and angular dependence emission of an H-type ellipse pair both having aspectratio of 0.68. Since each single disk has directional emission along the short-axis, one
disk acts as a lens to amplify the out-coupling of the other one in this direction.
Consequently, compared to single ellipse, the directional emissive property is enhanced.
Fig. 6b shows the situation when two disks are J-type coupled. It is seen that this type of
structure gives a very interesting cross-pattern. The point of intersection of the two
ellipses act as scattering element, leading to narrow cones of light in specific directions.
This demonstrates yet another way to control the directionality of laser emission in WGM
resonators.
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Figure 9.8 (a) Collection-angle dependence of the laser emission from a pair of
elliptical cavities (ρ=0.68) with H-type coupling and fluorescent image to the right. (b)
Same as in (a) but the two ellipses have J-type coupling.

9.4 Conclusions
We have studied the laser emission spectral and directional properties from notched and
elliptical QD microdisk lasers with notch and ellipse of various aspect ratios. We found
that the larger the notch the less mode splitting occurs in the emission spectrum. In
addition, the placement of notch to the microdisk laser leads to the directional emission
towards a particular direction, beneficial for the design of photonic structures that require
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enhanced coupling in the specific location. On the other hand, we also found that the
ellipse microcavity generates two sets of modes. When the aspect ratio is ~0.8, the
coupling between these two sets of modes reach maximum, and consequently the
emission spectrum shows maximum splitting. Reducing the ratio even more, reduces
the mutual interaction between these mode sets and reduces the splitting. We also show
that the aspect ratio of the elliptical cavities leads to directional emission, and this
property can be further enhanced and tailored by coupling the microcavities together.
These properties hold promise for improving the functionality of such lasers by providing
simple means to obtain desired directionality.
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CHAPTER 10
COALESCENCE OF CAVITY MODES AT AN
EXCEPTIONAL POINT
IN COUPLED MICRODISK LASERS
10.1 Introduction
Non—Hermitian Hamiltonians obeying Parity-Time (PT) symmetry can have the unusual
property of guaranteed real eigenvalues within a finite parameter space.1,2 Furthermore,
these physical systems may contain spontaneous PT-symmetry breaking transitions at
which real eigenvalues coalesce and become complex conjugate pairs. Such transitions
occur at exceptional points (EPs) of the Hamiltonian and therefore the study of
exceptional point behavior in both PT-symmetric and other complex Hamiltonians has
become a subject of significant investigation. 3 , 4 , 5 , 6 , 7 , 8 , 9 , 10 , 11 More than a scientific
curiosity, these systems have found fruitful realization in classical optics where PTsymmetry is impressed upon the Helmholtz wave-equation by appropriate preparation of
the imaginary part of the complex index of refraction, i.e. by spatially balancing gain and
loss.8,9,10,12,13,14 Studies of the PT-symmetric phase and its spontaneous breaking in
waveguides and resonators have been conducted and revealed associated behavior
such as loss-induced transparency8, power oscillations9, unidirectional invisibility and
non-reciprocal light propagation10,12,13,14 and mode-manipulation in lasers.15,16
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Semiconductor micro-cavity lasers are characterized by low-thresholds and high Qvalues owing to small modal volumes and strong light-confinement effects.

These

attributes make this laser design promising for many applications, including notable
examples in PT-symmetric optics.15,16,17 A particularly suitable design for sensors is the
circular microcavites such as disk, ring, toroid, and sphere configurations.17,18 In this
configuration, light is confined by total internal reflection at the semiconductor
air/interface supporting the propagation of so called whispering gallery modes (WGM).
High-Q values allow for sensitive detection of a change in environment causing either a
shift frequency or splitting of resonance frequencies. 19 , 20 , 21 In the active laser
configuration, these interactions are readily discerned by observing the emission
spectrum. However, these applications have so far relied on a precise material systems
to achieve the desired performance.

Expanding the flexibility of these material

requirements is a necessary step to obtain more general platforms for sensing or
utilizing the phase-change-behavior of PT-symmetric optics.

Colloidal quantum dots (CQD) are nanoscale semiconductor particles that possess large
stimulated emission and absorption cross-sections. These optical properties allow for
the achievement of high optical gain by reasonably low intensity optical pumping while
the refractive indices are large enough to sustain large critical angles for total internal
reflection.25 More importantly, the emission of CQDs can be tuned to cover a wide range
from ultra-violet to infrared region by simply changing their size or composition, providing
flexibility to the design of advanced photonic systems that requires lasing emission at
specific wavelength. 22 In addition, carefully designed core/alloyed-shell CQDs have also
been proven to be highly photostable under intensive optical pumping. 23

These

properties make CQDs a promising photonic component to be studied and developed for
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future lasing applications. Meanwhile, the ease-of-fabrication can be utilized to create
micro-cavities made of solution-processable CQDs by using standard lithographic
techniques and a wide variety of substrates. This shows processing advantages over
more commercially mature technology based on inorganic semiconductor alloys and
multiple quantum wells that are grown via high-vacuum film processing and strict
requirements of lattice-matching.24

Here, we investigate whispering gallery modes from microdisk cavities formed from
robust crosslinked assemblies of CdSe/Cd1-xZnxSe1-ySy core/alloyed-shell CQDs. The
majority of the disks studied exhibit mode-splitting associated with local defects on the
disk circumference. We then demonstrate the emergence of delocalized interaction
modes in near-field coupled pairs of such disks. By a careful study of the emission
spectra from closely spaced micro-disk pairs, we observe that actively pumped
interacting lasers produce spectra more robust against the appearance of parasitic
modes. By spatial variation of gain and loss in the coupled pairs, we show that the
suppression of the localized parasitic modes is the result of an exceptional point of the
non-Hermitian optical system.

In particular, we show that the intra-cavity parasitic

modes can be driven into coalescence through gain/loss variation in the presence of
inter-cavity coupling to a mode of another active cavity. This phenomenon may therefore
be used to circumvent some of the inherent obstacles in using solution-based
semiconductor materials for lasing and improve the quality of laser emission.

10.2 Experimental details
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Fabrication and characterization of microdisk lasers: To fabricate CQD microdisk
lasers, we have adopted a facile one-pot method to synthesize high quality
compositional gradient core/alloyed-shell QDs with an average size of 7.5 ± 0.8 nm
(Figure E.1). The gradient shell help suppress Auger recombination significantly, which
is the main obstacle to achieve lasing in CQD films in the past. We then utilized a hybrid
top-down and bottom-up approach we previously developed to fabricate these microdisk
laser arrays (details described in Chpater 3). 25

In brief, this approach combines

standard photolithography and layer-by-layer deposition to integrate tiny CQDs into
photoresist templated trenches. Photolithography provides up-scalability and precise
control of spatial distribution to these CQD assemblies while the layer-by-layer
deposition along with the crosslinking of QDs enhance the mechanical integrity against
sonication during photoresist lift-off process.

Atomic force microscopy was used to investigate the formation of possible defects
during fabrication (Figure E.2).

There are generally two types of defects in our

microdisk that can induce the mode splitting. The first type is the small QD aggregates
that formed near disk circumference.

These aggregates may originate from the

imperfections that exist in QD solutions which act as seeds to affect the drying process
and cause the formation of these small aggregates. The second type is difference in
circumference height due to inhomogeneous drying. Both type of defects can introduce
localized perturbation of effective refractive indices and light confinement to the disk
circumference, lifting the degeneracy between CW and CCW modes.
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Optical characterization: The samples were placed on a three-dimensional stage
under a home-built confocal micro-photoluminescence set-up. The excitation source
was provided by a the second harmonic (532nm) of a solid-state pulsed laser based on
Nd:YAG delivering 7ps pulses at a repetition rate of 200Hz. The beam was focused
through a 40x (NA=0.65) microscope objective onto the sample using a dichroic mirror
(550nm long-pass). The emission from the sample was collected through the same
objective transmitted through the dichroic mirror as well as an additional 550nm longpass filter, focused onto a multimode optical fiber and recorded using a 1/2m
spectrometer and CCD array.

The spectral revolution of the setup was 0.2nm.

Alternatively, a camera was placed in the emission path to collect PL images of the
disks. The beam size was set to with an iris a 50 m in diameter.

10.3 Results and discussion
10.3.1

Lasing properties of single disks

Figure 10.1a shows the spectral evolution with increasing pump intensity (Ip). At low
intensity only broad photoluminescence band (FWHM ~ 25nm) is observed (black),
displaying a peak near 635nm. Above the threshold intensity I P = ITH = 29μJ/cm 2, narrow
modes emerge from the PL spectrum. The free-spectral range is Δλ ≈ 2.6nm, increasing
slightly with increasing wavelength as described by the formula for WGM's, Δλ =
λ2/neff(πD) where neff is the effective mode index and D is the disk diameter (D = 25 ± 1
μm). By converting the spectral units to 𝜇𝑚−1 and taking the Fourier transform, we

extract a series of harmonics of the optical path length n eff(πD) (inset), giving the
effective index neff = 1.85 ± 0.05 which is in agreement to the CdSe CQD film value
determined by ellipsometry.23,26 In Figure 10.1b, we show the angular dependence of
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emission in the plane of the disk, which is isotropic signaling a homogenous intensity
distribution along the circumference of the disk.

Additionally, the fluorescent image of

the disk under the lasing condition shows the field amplitude is predominantly located
along the perimeter. Thus, the observed emission modes are attributed to WGMs of the
CQD micro disk resonator.
In Figure 10.1c we present the model emission spectrum from another disk of the same
size. In this case, we are able to resolve two sets of modes with Δλ = 2.6nm. The
additional set of modes is observed to be split-off from the other WGM modes by
~0.8nm.

Figure 10.1 (a) Emission from a microdisk pumped at various intensities: 16 J/cm 2
(black), 29 J/cm 2 (red), 66 J/cm 2 (blue), 116 J/cm 2 (green). Inset shows the FFT of the
116 J/cm 2 ploted vs. the optical path length n effπD where neff=1.85 is the effective mode
index and 𝐷 = 25𝜇𝑚 . (b) Collection-angle dependence of the spectrally integrated
emissive power in the plane of the disk with fluorescent image at the center. (c)
Emission spectrum from a different microdisk of the same diameter pumped at
116 J/cm 2. The shaded regions indicate Lorentzian fits to the data. (d) Collection-angle
dependence of the spectrally integrated emissive power in the plane of the disk in with
fluorescent image at the center. The peaks in the data are positioned diametrically from
the visible bright spots seen image.
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We note that the linewidths of all modes are comparable (~ 0.5nm) and the splitting does
not vary much with increasing pump fluence. In the flourescent image of Figure 10.1d it
is seen that a particularly bright spot has now appeared on the circumference of the disk.
Furthermore, bright-field microscopic image of the disk reveals a defect can now be
observed at the same positions as the bright spots in the FL image (Figure E.4). These
latter two observations reveal that the defects are in fact points where material
inhomogeneity and structural imperfections occur. These defects then act as asymmetric
scattering centers that increase out-coupling in the vertical direction giving them their
bright appearance. The occurrence of such defects and the observation of parasitic
modes (splitting) is quite common; it has been observed in ~87% of the samples
examined.

10.3.2

Lasing properties of coupled-disk pairs

We now turn to the investigation of coupled-microdisk-pairs where two disks are spaced
396 ± 20nm apart (Figure E.3). This is less than the wavelength of emission and should
provide adequate evanescent coupling between the modes of the two disks.

In

Figure 10.2a-c, we show the emission spectrum obtained when the pair is placed at the
center of the beam spot and both individual disks are pumped evenly (Figure 10.2a-c),
and when the left or right disks are pumped exclusively (Figure 10.2a-c). The latter
configuration resembles a so-called PT-symmetric laser system, since one disk has gain
while the other has loss, although they may not be exactly balanced. The emission
spectra in the unbalanced cases are similar to the isolated single disk of Figure 10.1c,
where two sets of modes with the common Δλ are observed. It is therefore surprising,
that the emission spectrum of the evenly-pumped pair shows no trace of the mode
splitting observed when each individual disk is pumped (Figure 10.2b). In contrast, to
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the majority of isolated disk investigated, we here see a spectrum devoid of parasitic
modes, i.e. described by a single WGM progression.

Figure 10.2 (a-c) Emission from a coupled microdisk pair pumped at various
intensities where the pair is placed at different locations in the pump beam spot, such
that only the left or right disk is pumped (a,c) or the pair is pumped evenly (b), as
illustrated schematically. (d-f) Emission spectra from three different microdisk pairs at
116 J/cm 2. In each figure the spectrum from the left (red), right (green) and center
(blue) pump configurations is shown.

As seen in Figure 10.2a-c, the spectral shape is independent IP for all three cases.
Similarly, for the pumped pair, the single mode set is observed the entire time. We also
point out that the threshold in the three cases is the same, although the emission
intensity is stronger when both disks are pumped. The slight but persistent blue-shift
with increasing IP that we attribute to thermal modulation of the effective index neff.
However, when the three spectra at the same pump intensity are overlayed as in
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Figure 10.2d-f it is noticeable that the pair spectrum is red-shifted with respect to
spectrum when either disk is pumped individually. These figures also confirm that the
phenomenon is robust. It is observed in numerous samples and over a wide range of
pump intensities. The difference between the evenly pumped and unbalanced cases is
most apparent when the spectra from the isolated disks are weak, found at shorter
wavelengths displaying mode splitting. In other words, the change is most dramatic
when the disks have defects.

That the emission spectrum from the pair is qualitatively different from either of the
constituent disks indicates the effect of evanescent coupling between the cavity modes.
In the presence of coupling, we can no longer consider modes as belonging to a single
disk but instead must consider the modal distribution of the coupled pair as expressed in
the following set of coupled differential equations:

Equation 10.1 Equation of coupled differential equations considering the modal
distribution of the coupled pair.

where A, B are the field amplitudes, 𝑔𝐴,𝐵 are net modal gain (gain minus loss) and 𝜅 is
the coupling between modes in Disk A and Disk B. (Solutions of the form 𝜓𝐴 = 𝐴𝑒 −𝑖𝜔𝑡
are assumed.) These equations yield the eigenvalues
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Equation 10.2 Equation of eigenvalues that are derived from Equation 10.1.

where Δ𝑔𝐴𝐵 = 𝑔𝐴 − 𝑔𝐵 , and it is assumed that the frequencies in the absence of
coupling are 𝜔𝐴 = 𝜔𝐵 = 𝜔0 .

According to this theory, inter-cavity mode-splitting will be

observed when two disks are pumped evenly, since the gain differential ∆𝑔𝐴𝐵 = 0 and

the effect of the coupling strength is maximized. When one disk is pumped ∆𝑔𝐴𝐵 will
localize these supermodes; their frequencies will coalesce while the linewidths bifurcate,
as one experiences loss while the other gain. This has been used to implement single
mode emission from multimode resonators similar to those studied in this work. We
additionally remark that the intra-cavity mode splitting due to defects on a single, isolated
disk can also be described by the same formalism, whereby 𝜅 is the coupling between
clockwise and counter-clockwise propagating modes induced by scattering at the defect
site.20

In our case, the absence of splitting when both modes are pumped equally here may be
explained by a weaker apparent coupling resulting from the larger pair separation in this
work such that the splitting due to the inter-disk coupling is not resolvable. However, this
level of theory neglects multi-mode interactions which should be important here. Our
previous characterizations revealed transient net optical gains greater than 500cm -1 in
this system.23 This suggests a very high gain/loss differential such that many modes will
lase in PT- broken phase.27 Still, the question remains, why is the mode splitting of the
individual disks not apparent when the pair is evenly pumped? As we show below, the
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presence of an exceptional point in the Hamiltonian of the system allows for intra-cavity
mode splitting to be modulated through the inter-cavity coupling.

10.3.3

Spatial gain variation

A more detailed look at this behavior is provided by a spatial gain variation. In these
measurements, the disk pair is swept through the beam spot in increments of 2.5𝜇𝑚 as
shown schematically on the left side of Figure 10.3a. The emission spectrum is then
plotted versus the offset between the pump spot and the pair center. This experimental
parameter, which we call ∆𝐷𝑃 , then becomes a proxy for the gain/loss variation between

the two disks, ∆𝑔𝐴𝐵 . The evolution of the spectrum as ∆𝐷𝑃 goes from -25𝜇𝑚 to 0𝜇𝑚 is
striking. There is an abrupt change when both disks are nearly uniformly pumped. It can

be seen that the long wavelength modes increase in intensity and become maximum at
the center. Meanwhile, the short wavelength modes of Disk A decrease, as a result of
the increase in net gain of Disk B. Continuing in the same direction we see the short
wavelength modes of Disk B ‘turn-on’ not at ΔDP = 0 but emerge later as the gain in Disk
B begins to decrease as it is moved outside the beam spot. The fluorescent images
depict the emission light distribution as the sample sweeps through the pump beam. To
appreciate the significance of this observation, it is important to note that as the
transition is approached from either side, the disk with high gain is still entirely covered
by the pump beam. Therefore, aside from some slight variations in pump homogeneity,
the gain in this resonator does not change. The modes are thus seen to “turn-off'” as a
consequence of the increasing gain in the latent resonator.
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The “turn-off” behavior at short wavelength is reminiscent of previous work involving
exceptional points in coupled lasers.28,29 Importantly, it was theoretically predicted that
observation of this behavior depends on the position of the mode in question with
respect to the position of the semiconductor gain distribution. In this case, the presence
of a large defect on disk B forces the localized modes to short wavelength, as it adds
substantial loss to the long wavelength modes. However, the long wavelength modes of
Disk A are able to cross threshold once the loss of Disk B is sufficiently compensated by
the application of the pump. We also considered the role of a spatial variation of gain on
the single disks (Figure E.5) and found the behavior is largely different due to absence
of coupling to another disk. The results of this control experiment also suggest spatial
pump inhomogeneity does not significantly alter the spectra.

Figure 10.3 (a) Emission spectra from a coupled microdisk pair as the pair is shifted
through different locations relative to the pump beam spot, as illustrated schematically
to the left of each spectrum. The corresponding fluorescent images are shown to the
right of each spectrum. (b) False-color contour plot of the emission intensity vs
emission wavelength and the relative distance between the center of the pair to the
center of the beam spot, Δ𝐷𝑝 .
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10.3.4

Intra-cavity mode coalescence

An even more fascinating scenario arises when the neither disk has a large enough
defect to force suppress the long wavelength modes. Such an example is provided in
Figure 10.4. In this case we find that there is parasitic splitting of the modes of disk A.
As ΔDP is varied and gain is added to disk B, we find that the parasitic localized modes
gradually move closer in frequency and eventually coalesce near ΔD P = -5𝜇m. This
indeed is very surprising behavior, as the localized modes are not directly tailored by the
application of gain or loss as in the previous studies of a single mode contributed from
two resonators. Here, variation of gain/loss in a disk modulates the splitting between the
parasitic defect modes via the evanescent coupling.

Figure 10.4 (a) E False-color contour plot of the emission intensity vs emission
wavelength and Δ𝐷𝑝 . (b) Magnified view of the region inside the box in (a). (c) Peak
positions, 𝜆𝑐 , vs Δ𝐷𝑝 for the region in (b), showing the mode coalescence.
To understand this behavior more formally, we consider solutions to the eigenvalue
problem described by the following Hamiltonian:
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Equation 10.3 Equation of Hamiltonian that describes the eigenvalue problem

Where 𝜔𝑖=1,2,3 are the real parts and 𝑔𝑖=1,2,3 are the imaginary parts of the
eigenfrequencies in the absence of coupling. 𝜅 is used to represent the intra-disk
coupling between CW and CCW modes in the Disk A (modes 1 and 2), while 𝛾𝑖𝑗

describes inter-disk coupling of ith mode of Disk A to the mode of Disk B (j=3). This is a
generalization of the 2x2 Hamiltonians often considered in Non-Hermitian systems when
an interaction exists between one mode from each resonator. In our case the defectinduced mode splitting produces a scenario in which three modes interact, and the
resulting Hamiltonian is 3x3. Superscripts indicate in which disk the respective mode will
be found in the localized case. In order to consider parameter values consistent with
experiment we set 𝜔1 = 𝜔2 = 𝜔3 = 2.95 × 1015 𝑠 −1 (640nm) and set 𝜅 = 2.95 × 1015 𝑠 −1
to reproduce the 0.8nm splitting observed when ΔD P = -25μm. We simulate the portion

of the experiment in which ΔDP increases to zero by keeping 𝑔1 = 𝑔2 = 𝑔. (Disk A is
entirely covered by the pump) while sweeping 𝑔3 from −𝑔 to 𝑔 .
Figure 10.5a,

the

experimentally

observed

phenomenon

of

As shown in

intra-cavity

mode

coalescence can be reproduced when a large coupling anisotropy exists between mode
3 and modes 1 and 2 such that 𝛾23 ≫ 𝛾13.

More generally, we analyzed the Hamiltonian in detail to extract the characteristic
behavior of eigenvalues. Shown in Figure 10.5b, we see that when the absolute value
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of the gain differential |∆𝑔𝐴𝐵 | is large, the modes are localized in respective disks and the

splitting is determined by the intra-cavity coupling factor of Disk A taking a value of 2𝜅.
As |∆𝑔𝐴𝐵 | decreases, the splitting is reduced, showing square-root dependence on ∆𝑔𝐴𝐵

that is the signature of exceptional point behavior. At the particular value ∆𝑔𝐴𝐵 =
[𝜅 + (𝛾23 )2⁄2𝜅 ] the eigenvalue splitting collapses to 𝛾13 . Thus, when 𝛾13 = 0 , the

eigenvalues coalesce. Note the remarkable implications of this result, as also shown in

the experiment, that the observed splitting of intra-cavity modes of Disk A depends on
the gain applied to Disk B. As |∆𝑔𝐴𝐵 | decreases further, another transition occurs when

∆𝑔𝐴𝐵 = 2𝛾23. At this point 𝜔1 and 𝜔3 are repelled by the inter-cavity interaction and split

by 2𝛾23 . This transition, which is similar to the typical transition between PT-symmetric
and PT-broken phases studied in other systems, is not observed in the experiment as
previously noted.

Figure 10.5 Calculated difference in eigenvalues from their uncoupled values of
modes 1,2, of disk A and mode 3 of disk B vs. the gain differential between disk A
and B Δ𝑔𝐴𝐵 for parameters comparable to the experiment and (b) for general
values of the intradisk mode coupling 𝜅, and inter-disk coupling 𝛾13 and 𝛾13, in the
limit 𝛾13 ≪ 𝛾23 .
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The origin the necessary asymmetry between 𝛾23 and 𝛾13 is not currently understood. It
may result from the rapidly increasing distance between the disks for points displaced

from the common equatorial axis. On the other hand, phase restrictions may prevent
one mode from delocalizing across the disk pair. Considering that the results here
indicate a strong potential to “heal” parasitic modes of individual disks when
evanescently coupled, as well as providing a system for ultra-high sensitivity sensing
based on the square-root branch topology of exceptional points

30 , 31

, rigorous

understanding and control of such processes provide inspiration for further investigation.

10.4 Conclusions
In summary, we have studied the effect of gain/loss modulation in evanescently coupled
CQD microdisks.

The parasitic intra-cavity modes that result from material

inhomogeneity were driven into coalescence by sweeping the system through an
exceptional point. This provides a new perspective on multi-mode management in nonHermitian optical systems and suggest a mechanism by which unwanted parasitic cavity
modes can be removed from the emission output of the coupled cavity system.
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CHAPTER 11
GENERAL CONCLUSIONS AND BROADER IMPACT
11.1 General conclusions and discussion
Overall, the research work in this dissertation focused on understanding the fundamental
light-matter interactions occurring at each level of QD photonic sources: individual and
assembled nanostructures, individual and coupled optical cavities. Specifically, we focus
on how the architecture and large-scale arrangement influence the optical characteristics
of individual and assembled nanostructures were stressed. In addition, how the physical
dimension and gain/loss modulation of optically active cavities affect the resonance and
propagation characteristics were also investigated

This research work provides a scientific framework which demonstrats a comprehensive
solution when designing the photonic system that requires the control of light-matter
interactions including emission, gain and optical mode characteristics. Major themes
present in this work include:
1. Examine, measure and investigate the quantum confinement of exciton in
individual

nanostructures

and

the

coupling

behavior

within

assembled

nanostructures (large scale arrangement), aiming to precisely control the optical
and lasing properties of these nanostructures;

2. Develop microfabrication methods to control spatial distribution of QD based
photonic cavities to control light-matter interactions in these microscale
structures, aiming to utilize these controlled interactions to design novel photonic
systems;
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3. Develop approaches to tailor the deformation of boundary and gain/loss contrast
of cavities to alter the scattering condition and energy transfer within optical
cavities, aiming to discover new optical phenomena for designing novel photonic
systems.

Specific issues and challenges addressed in this study are:
(1) Identify the synthesis route of individual photonic nanostructures with specific
core/shell/shell engineering that provides flexibility to tune emission, absorption
and lasing properties.
(2) Examine how the large-scale arrangement of QDs can affect film properties
including QD loading, refractive index, optical amplification and attenuation
process.
(3) Examine how the molecular characteristic of organic ligands including ligand
size, functional group and thermodynamic property can affect the chemical,
mechanical, optical and lasing properties of QD films.
(4) Develop different photolithography based methods that enable the fabrication of
microscale photonic structures with definable physical

dimensions

and

geometries, leading to controllable light-matter interactions including light
propagation, mode number and mode spacing.
(5) Finally, utilize optical modulation to control light-matter interactions including
near-field coupling and coalescence of defect modes by altering the gain/loss
values in localized regions.

Specifically, optical properties of individual QDs with different architectures generated
from synthetic chemistry were measured and monitored in this study. The synthetic
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chemistry to craft composition gradient shells on CdSe core surface developed by Prof.
Lin’s group was demonstrated to provide suppressed re-absorption, reduced Auger
recombination, and tunable Stokes shift and emission. The first absorption peak of
these QDs with the emission in visible region was suppressed due to the passivation by
larger bandgap of ZnS shell with an absorption onset of 400 nm. The marked red-shift
of emission peak in CdSe/Cd1-xZnxSe1-ySy/ZnS QDs with the increase of shell thickness
was indicative of the delocalization of electron wave function over the entire QD due to
the incorporation of graded Cd1-xZnxSe1-ySy shell, leading to the continuous energy level
change from CdSe to ZnS.

Importantly, these QDs not only showed the tunable

emission and suppressed re-absorption but also revealed the suppressed Auger
recombination that is important for development of high performance lasing materials.

Next, we examined how the large-scale arrangement of QDs can be explored for
dramatic enhancement of the optical properties of QD films, particularly, optical gain.
The replacement of traditional QD organic ligands with shortest ligand yields a
dense QD-packing that results in a two-fold increase in optical gain. Overall, the
highly packed QD films exhibited very large net gain values (~500 cm-1) which greatly
exceed typical Cd-based QD films with traditional ligands. In addition, thresholds for
ASE down to 50 µJ/cm 2 were observed, which is exceptionally low for ns-pulse pumped
QD systems. Our results confirmed a new route for obtaining high optical gain using
QDs, and outlined a strategy for modifying the optical gain characteristics by ligand
exchange without needing to modify the QD selection.

We then further examined how the optimization of molecular dimensions and chemical
functionality of the organic ligands of QDs can be selected to improve the material
processability while maintaining high optical gain.
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The short-chain bifunctional

crosslinker selected to tether the neighboring QDs not only significantly improved the net
optical gain by allowing for a nearly 2-fold increase in QD loading but also provided
stable passivation of the QDs which imparts mechanical robustness and stability
under harsh chemical environments. The gain achieved here is up to 3-fold higher
than that typically reported for traditional drop-cast QD films.

Two different photolithography based methods were developed to integrate these tiny
QDs into microscale photonic cavities. The first method combined the hybrid topdown/bottom-up approach via a pattern-assisted LbL assembly process. During
the LbL deposition, the bifunctional crosslinker was utilized to enhance the structure
integrity of microdisks by tethering the neighboring Cd-based QDs. Specifically,
microdisk lasers with high quality factors (within 1000–2000) were fabricated with
predefined size and shape (as controlled by master templates). In addition, the number
of longitudinal cavity modes in the microdisk laser can be precisely controlled by
varying the disk diameter, allowing for either near‐single mode or multimode
operation while preserving high quality factors.

The second method was developed to address the chemical instability of all inorganic
perovskite QDs to polar solvents, which can not be solved by using standard
photolithography. Specifically, this approach involved a combination of a fluorinated
polymer and solvent to provide orthogonality to the CsPbX 3 QD during the lift-off process.
As such, it overcame the issue of solvent constraints due to chemical instability to
polar solvents while preserving the spatial precision, thus enabling the fabrication of
large-area arrays of complex patterns. Importantly, negligible effect of this approach
on the optical gain performance of CsPbBr3 QD films was observed, demonstrating
their lasing properties are not compromised during processing. The optical cavity mode
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activity of CsPbBr3 QD microdisk lasers was readily controlled by tuning the disk size,
where the mode spacing decreases while the number of modes increases with
increasing disk diameter.

We also demonstrated in the end the versatility of our

approach to integrate QDs with different emission signatures and composition on
the same chip.

Finally, the developed microfabrication technique was utilized to fabricate QD microdisk
lasers with deformed boundary including engineered notch and ellipse. By changing the
aspect ratio of these notches and ellipses, the light propagation and cavity resonance
were influenced significantly, showing another useful method to control light-matter
interactions within photonic cavities by the slight arrangement of cavity boundary.
Furthermore, optical modulation was utilized to alter the gain/loss values of coupled
microdisks. The intra-cavity mode activity can be controlled by simply altering the
gain/loss contrast between cavities to achieve the exceptional point where the
gain/loss contrast was modulated to meet the coupling strength between cavities.
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11.2 Significance and broader impact
The scientific significance of this research work is to provide a comprehensive solution
for the development in different hierarchical levels of QD photonic systems from
individual nanostructures to assembled nanostructures, and to individual and coupled
photonic cavities. Generally, scientific and technological approaches were utilized to
provide the understanding of how the light-matter interactions can be controlled by using
synthetic chemistry, large-scale arrangement, ligand functionality, cavity geometry and
gain/loss modulation.

The study of the architecture of individual nanostructures revealed an effective and
significant method that provides flexibility to tune the optical properties and to improve
the lasing properties of QDs. Although common giant CdSe/CdS QDs also possess less
reabsorption and suppressed Auger recombination, the emission of giant CdSe/CdS
QDs is limited to the red region due to the large bandgap of CdS shell. In our
work, the tunable emission from blue to red region was demonstrated which is
resulted from the careful design of Cd1-xZnxSe1-ySy/ZnS shell structure with tunable
bandgap. This also contrasts sharply to the constant emission peak independent of
ZnS thickness seen in conventional CdSe/ZnS QDs. As such, these QDs with graded
architecture may offer an effective means of tailoring Stokes shift of QDs with
engineered properties for applications in lasers, LEDs, solar concentrators and paritytime symmetry materials and devices.

Next, while most of the studies in the field worked on the design of QD
architecture to improve the optical gain performance, the ligand-gain relationship
of QD film was rarely studied. Thus, we reported the first systematic study that
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demonstrated how ligand size can affect the film properties including QD loading,
refractive index and optical gain and loss values significantly. The result showed a
clear trend between the ligand size and optical gain/loss values where the shortest
ligand can lead to one of the highest gain value (~500 cm -1) in comparison to common
ligand capped QD films, demonstrating the optical gain performance can be improved
significantly by shortening the inter-particle distance (2-fold increase in QD packing.
Overall, our finding can be an important reference for researchers in the field to design
advanced photonic systems that require specific value of refractive index and the
modulation of optical gain/loss values such as PT photonic systems.

Furthermore, we also studied how the selection of ligand in terms of its molecular
functionality and thermodynamic properties can improve the material processability of
QD films. Specifically, the short chain bifunctional crosslinker was utilized to impart the
chemical stability and mechanical robustness of QD film via the tethering of
neighboring QDs, enabling the film transfer onto another substrate that can not be
done for common ligand capped QD film. In addition, the amine-functionalized ligand
capped QDs showed more stable ASE intensity compared with the waxy and bulky oleic
acid capped QDs. Moreover, the higher melting point and boiling point of bifunctional
crosslinker in comparison to butylamine improve the long term photostability of QDs by
providing a more thermally stable passivation to the QD surface, revealing the
molecular functionality can be a key factor to affect the radiative pathways of QDs.

Importantly, we envision that this post-synthesis modification can be applied to
generally all relevant types of nanocrystal systems such as CdSe nanoplatelets and
CsPbX3 perovskite QDs that are typically capped with long ligands (i.e. oleic acid) due to
the common synthetic routine. As the challenges of physical and PL instabilities of QD
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materials will be resolved by introduction of short functional highly bound ligands, large
increases of net gain and enhanced stability can be expected. Furthermore, the robust
crosslinking exploited in our work can also be used to fabricate stable freestanding
optical elements with well-defined dimensions that exhibit excellent chemical resistance.

Two different photolithography based methods were presented to resolve the critical
material processing issue of different type of QDs. The first method combined the optical
precision of the photolithography (top-down) and the LbL deposition process (bottom-up)
to fabricate large-area and robust Cd-based QD microdisk lasers.

Importantly, this

method mitigates limitations on the selection of active inorganic materials arising from
lattice mismatch between conventional epitaxially-grown semiconducting layers.
Furthermore, it overcame issues associated with predefined size, shape, and
location that commonly plague the synthesis of conventional colloidal cavities
grown using traditional bottom-up approaches.

The combined advantages of

bottom-up and top-down approaches allows for the effective production of large-scale
arrays of QD microdisk lasers with controllable dimensions and locations, a feat that
would be otherwise difficult to achieve using either approach separately.

Controllable cavity resonance including mode spacing and number of modes was
achieved by adjusting the diameter of the fabricated mcirodisks. Such tuning allowed
for readily accessible multimode and near-single mode operation which can be
useful for many researchers that are working on applications such as optical
communication, particle detection, and PT symmetry studies. 1,2,3 Moreover, the
high quality factors (1000-2000) of these robust disk arrays are comparable to reported
values of microdisks made of other materials, demonstrating the capability of the
outlined method to tune the size of the cavity while preserving a high quality factor. 4,5,6
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In addition, chemical crosslinking of the QDs via the bifunctional crosslinker
imparts unique properties not achievable by other approaches, including
mechanical robustness and chemical resistance. These properties are essential to
maintain the integrity of the structures under the harsh conditions (e.g., sonication)
experienced during common patterning steps (the lift-off process) and solvent exposures.
We envision that the method discussed here could be potentially applied to other types
of colloidal nanocrystals such as CdSe/CdS nanorods and nanoplatelets, which, unlike
QDs, possess highly polarized lasing emission. [ 7 , 8 ]

The optical anisotropy of these

nanocrystals could lead to the fabrication of interesting on-chip structures with polarized
lasing output that can be advantageous for many applications. [8]

The second method we presented here aimed at overcoming the solvent constraints of
all inorganic perovskite QDs in terms of the material processability.

The chemical

instability to polar solvents has hindered the development of lithography based methods
to pattern these all inorganic perovskite QD materials into high-resolution microscale
photonic structures.

Since the first synthesis method reported in 2015, 9 nearly all

studies have focused on the synthesis, photophysics and optoelectronic applications of
CsPbX3 QDs10 while the development of patterning techniques has been comparatively
few and limited in scope. 11,12 In our work, we reported the first photolithography
based method in the field to fabricate various complicated patterns with smallest
feature size down to several

m.

Furthermore, the cavity resonance of fabricated

microdisk lasers was readily controlled by changing the disk dimension, demonstrating
the ability of this approach to pattern these photonic cavities without deteriorating their
optical gain performance.
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In addition, we have demonstrated the versatility of our approach to integrate QDs with
different emission and composition on the same chip.

Binary emission arrays with

circular patterns of green-emitting CsPbBr3 QD and red-emitting CdSe/Cd1-xZnxSe1-ySy
QD were fabricated on the same substrate by performing our method multiple times.
The resulting pattern reaches a resolution of ~1000 ppi, a value that is higher than
the resolution of the current phone displays which is typically 200-500 ppi.13 The
level of resolution that we have achieved together with the scalable fabrication of our
method may open up new avenues in the future development of QDs based
optoelectronic devices that require high-resolution micro- and nanoscale arrays
with different optical and electrical functions.

The developed lithography based method was first utilized to control light-matter
interactions within photonic cavities of deformed boundary including engineered notches
and ellipses. The cavity resonance was readily controlled by the aspect ratio of notches
and ellipses where the larger notches were found to suppress the defect induced
modes while the coupling between cavities can be altered by the aspect ratio of
ellipse significantly. In addition, these notched and elliptical microdisk lasers were
also found to possess highly directional emission output which is due to the enhanced
scattering of the deformed boundary. Specifically, different aspect ratio and
arrangement of these deformed microdisks can alter the angular dependence of
emission intensity significantly. These results demonstrate the capability to control
light-matter interactions effectively by slightly rearrange the cavity boundary. Importantly,
our work may serve as an important example for future development of photonic
systems that require strong coupling between optical elements where the highly
directional emission output can help extend the evanescent field boundary and
thus enhance the coupling between cavities in specific directions.
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Finally, we studied how to control light-matter interactions in coupled microcavities by
the modulation of gain/loss values in localized regions.

By spatially modulate the

location of the pump beam across the evanescently coupled mcirodisks, the gain/loss
contrast between microdisks was significantly altered, leading to the coalescence of
doublet intra-cavity modes that result from material inhomogeneity. This unusual
behavior is rationalized via a Hamiltonian incorporating both intra-cavity coupling
between CW and CCW modes as well as anisotropic inter-cavity coupling between
these modes and one originating in the coupled disk.

The abovementioned Hamiltonian verifies the reason for the observed coalesce is the
presence of an exceptional point in the system that simultaneously involves three
modes and suggest a mechanism by which doublet intra-cavity modes can be
suppressed from the emission output of the coupled cavity system. Importantly, this
work represents a novel approach to adjust intra-cavity modes simply by optically
modulating the gain/loss contrast of evanescently coupled microcavites. Furthermore,
our research work can be an important reference for the future development of reliable
photonic systems that are more robust against the doublet intra-cavity modes
which can be induced by defects generated during the fabrication process.
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Appendix A
Chapter 5 supporting data
(ENHANCEMENT OF OPTICAL GAIN CHARACTERISTICS OF QUANTUM DOT
FILMS BY ORGANIC LIGAND SHELL)

Table A.1: Table of the optical properties of the QDs before and after the ligand exchange
process. A reduction in quantum yield typically occurs after ligand exchange. The reduction in
QY is likely due to a decrease in the passivation of surface bonds that can occur when oleic
acid is removed and replaced with the amine ligands. The absorbance and emission profiles
are similar before and after the ligand exchange procedure.

Oleic-acid Hexadecylamine Octylamine Butylamine
QY
(%)
ABS1s
(nm)
Emission
Position
(nm)
FWHM
(nm)

50

50

20

29

614

614

617

617

624

624

624

623

32

34

31

30
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Table A.2: Table of the predicted stimulated emission lifetime of the ligand-QD films based on
the measured refractive index and optical gain values of the QD films. The predicated
stimulated emission lifetime was calculated using Eq. A2.

QD-ligand
Oleic acid
Hexadecylamine
Octadecylamine
Butylamine

Predicted Stimulated
Build-Up Time (ps)
94
26
12
12
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Table A.3: Table of the QD-loading (%) of the QD films, the QD volume fraction (%) of the QD
solutions (determined by ellipsometry and TGA, respectively), and the thermodynamic
properties of each ligand. 1
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(a)

(b)

(c)

(d)

Figure A.1: NMR was used to evaluate the effect of washing the ODE/oleic acid capped QDs
before the ligand exchange. (a) NMR of oleic acid. (b) NMR of oleic acid capped QDs at
different points during the washing process. Examination of the 4.7-6 ppm regions shows (c)
that the ODE peaks disappear and that the peak near 5.35 ppm assigned to vinylic hydrogens
broadens, indicating removal of excess free oleic acid. (d) Close-up of the 2.5-0 ppm region
shows broadening of the 1.6, 2.0, and 2.3 ppm peaks after successive washing.
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Figure A.2: NMR was used to evaluate the efficiency of the ligand exchange. (a) NMR of
butylamine (the ligand that will be displacing oleic acid on the QD surface). (b) NMR of
butylamine and of QDs that underwent a ligand exchange from oleic acid to butylamine. The BA
peak at 2.8 ppm (hydrogen peak) shifts to 3.2 ppm which is likely due to interaction with QD
surface. (c) Comparison of NMR from different points in the washing process and ligand
exchange process.
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Figure A.3: Bright field (column 1), dark field (column 2), and fluorescence (column 3) images
of (a) oleic acid, (b) hexadecylamine, (c) octylamine, and (d) butylamine capped QD films.
Imaging shows that the films exhibit similar uniform morphology and fluorescence emission as
well as some scattering due to surface defects. All scale bars are 30 um.

235

Figure A.4: Plot of the predicted free volume of each QD ligand and the corresponding
maximum theoretical FCC QD-packing density (assuming diameter of 8 nm). Reducing the size
of the ligand leads to a larger maximum FCC packing for the QDs in the film (and vice versa).
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Figure A.5: Examination of the QD fraction in solutions and how it compares to QD films. (a)
Thermogravimetric analysis (TGA) of QD solutions. (b) The difference in QD volume fraction
between QD films and the QD solutions. The (c) vapor pressure and (d) boiling point of each
ligand. Note, the vapor pressure of oleic acid and hexadecylamine area very low at room
temperature (< 1 mmHg) and therefore were approximated to have a zero value.

There appears to be a difference of QD volume fraction between the QD films and QD
solutions. The magnitude of this difference correlates with the volatility of the specific ligand.
For example, butylamine-QDs, which display the largest difference between the film state
(49 ±6%) and solution state (33%) also is the most volatile ligand (highest vapor pressure,
lowest boiling point). Note, value ranges are one standard deviation in the film state
(29 ±6%) and solution state (27%) is the least volatile (lowest vapor pressure (V p), highest
boiling point). This trend occurs for all ligands examined (Table A.3).
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The volatility of the ligand is an important factor affecting the formation of the film during
spin-casting and storage. The volatility of the QD ligand has been shown to strongly impact
ligand desorption, with a highly volatile ligand (pyridine, V p = 20 mmHg at 25°C) showing
large desorption (≈70%) under ambient conditions while a low volatility ligand
(trioctylphosphine oxide, Vp ≈ 0 mmHg at 25°C) shows nearly no desorption. 1,2,3 Therefore,
the high volatility of butylamine and octylamine leads to some degree of desorption from the
film during storage.

Even more importantly, the volatile ligands will experience strong

desorption from the film surface during spin-casting (unbound ligands in particular) due to
the highly turbulent atmosphere above the film. These two factors thus increase the QD
volume fraction and lead to a large difference between the QD volume fraction measured in
the film state and solution state.
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Figure A.6: ASE threshold plots and fitting for different QD-ligand combinations. The threshold
value of the QD film is determined by linear fitting of the shallow and steep pump fluence versus
emission curve. The pump fluence value at the intersection of the linear fit from the two regions
is the threshold fluence. Examples of threshold determination are shown for (a) oleic acid-QD,
(b) HDA-QD, (c) OctA-QD, and (d) BA-QD films.
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Figure A.7: ASE threshold plots for different QD-ligand combinations from multiple spots. The
threshold behavior of the QD films was determined by examining how the pump fluence affects
the emission intensity. A transition from a shallow slope to a steep slope indicates an ASE
threshold. The threshold behavior for each type of QD film was verified over multiple trials.
Examples of threshold examination are shown for (a) oleic acid-QD, (b) HDA-QD, (c) OctA-QD,
and (d) BA-QD films.
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Figure A.8: Peak position of the maximum emission peak versus pump strip length. The
presence of ASE is supported by examining a number of parameters including a shift of the
ASE peak with respect to the PL peak. Typically the ASE peak red-shifts compared to the PL
peak due to reabsorption of the emitted light by the film. 4 All the QD films with amine
functionalization in this study exhibited a red-shift of approximately 10-15 nm compared to the
PL peak, while the oleic-QD film show a red-shift of only 4 nm, indicating a smaller amount of
reabsorption during light propagation.
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Figure A.9: Data of the emission intensity versus pump strip length from the variable stripe
length (VSL) method for various QD-ligand combinations. The optical gain of the QD films was
determined by fitting data from the VSL method with an exponential function. The gain value for
each type of QD film was determined by averaging over multiple trials. Examples of VSL data
and fitting are shown for (a) HDA-QD, (b) OctA-QD, and (c) BA-QD films.
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Figure A.10: (a) Plot of the confinement factor (Ex, TE 0% mode) at 635 nm for films of different
thickness and different refractive index. The relative confinement factor of each film compared
to (b) the HDA-QD film and compared to (c) the oleic-QD film. The confinement factor is higher
(for a given film thickness) for films with a higher refractive index. The grey shaded areas
represent typical QD film thicknesses in this study.
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Figure A.11: Plot of the critical thickness for the primary waveguiding mode for QD films with
different refractive index on a CYTOP film (refractive index of 1.34). The critical thickness
indicates the minimum thickness a film requires in order to support at least one waveguide
mode. The function used to calculate the critical film thickness (tc) assumes that the top layer is
air.5 Each film has a thickness that allows for only one waveguide mode.
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Figure A.12: Plots of optical loss data and fitting for various QD-ligand combinations. The
optical loss of the QD films was examined by altering the distance the emission travels through
the QD film before reaching the edge of the film. The optical loss value is determined by fitting
the data with an exponential decay function. The loss value for each type of QD film was
determined by averaging over multiple trials. Examples of loss data and fitting are shown for (a)
oleic acid-QD, (b) HDA-QD, (c) OctA-QD, and (d) BA-QD films.
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Eq. A.1: Equation outlining the various factors that influence the optical gain magnitude in QD
films.6

𝝈𝒈 𝝃
𝑮=
𝑽𝒅𝒐𝒕

Where,
G = gain value
σg = gain cross-section
ξ = packing fraction
Vdot = volume of QD

Eq. A.2: Equation outlining the various factors that influences the stimulated emission lifetime in
QD films.6

Where,
τSE = Stimulated emission build up time
c = speed of light
G = gain value
nr = effective refractive index
Vdot = volume of QD
ξ = packing fraction
σg = gain cross-section
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Appendix B
Chapter 6 supporting data
(CORE/ALLOYED-SHELL QUANTUM DOT ROBUST
SOLID FILMS WITH HIGH OPTICAL GAINS)

Table B.1 Thermodynamic properties and refractive index of ligands used in this study. Large
differences in thermodynamic properties between BA and DIAH leads to a plausible different
behavior when they are capped on the QD surface. BA has a free-state melting point (-49 ℃)
significantly lower than room temperature, likely causing BA to be in a fluid-like state at room
temperature even when bound on the QD surface. Furthermore, BA has a high vapor pressure
(68 mmHg at 20℃) which indicates that BA experiences desorption upon exposure to air. On
the other hand, DIAH has a much higher melting point (26-29℃) and lower vapor pressure
(<1 mmHg at 25℃) than BA, yielding a more solid, physically stable QD film under ambient
conditions.
Capping Agent

Mp (°C)

Bp (°C)
(760mmHg)

Vp (mmHg)
(25°C)

n
(at 589.3nm, 20°C)

1,7-Diaminoheptane
(DIAH)
Butylamine (BA)

28

224

<1

1.461

-49

78

68 (20°C)

1.401

Oleic acid (OA)

14

360

<1

1.459

Table B.2 The refractive indices of QD films. The QD-loading was calculated using the effective
medium Bruggeman model.1

QD film

n

Calculated QD Loading

DIAH-tethered QD

1.90

49%

BA-capped QD

1.91

53%

OA-capped QD

1.69

27%
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Table B.3 The FTIR results showing the ratios of peak areas for different vibrational modes.
Both ratios of asymmetric and symmetric (CH3/CH2) peak areas decreased dramatically during
the crosslinking process, indicating that a substantial amount of butylamine was replaced with
1,7 diaminoheptane.
QD film

(CH3/CH2)as

(CH3/CH2)s

BA-QD

0.334

0.739

OA-QD

0.072

0.243

Table B.4 The optical properties of the OA and BA capped QDs that are dispersed in
chloroform.

QD
solution

absorption
peak (nm)

Emission
peak (nm)

Stoke shift
(nm)

FWHM
(nm)

Quantum
yield (%)

OA-QD

610

620

10

34

49.6

BA-QD

610

621

11

35

52.3
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Figure B.1 The crosslinking process provides chemical resistance to both polar (methanol) and
nonpolar solvent (toluene/heptane). (a) QD films capped with commonly used ligands such as
oleic acid and butylamine would be dissolved after washing with toluene three times (a). The
sample shown here is the QD film capped with oleic acid. (b) Crosslinked QD films maintain
their photoluminescence after multiple washes with toluene and methanol.
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Figure B.2 High-resolution transmission electron microscopy (HR-TEM) images of QDs that are
capped with (a) oleic acid, (b) butylamine, and (c) 1,7 diaminoheptane. All scale bars are 10 nm.
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Figure B.3 AFM and optical microscopy images (500nm x 500nm) of the BA-capped QD film:
AFM scans of (a) height, (b) phase, and (c) height cross-section for the BA-capped capped QD
film. Fluorescence imaging shows uniform emission of large areas (d), while bright field (e) and
dark field (f) optical micrographs show uniform morphology with minimal physical defects. All
scale bars are 30µm. Large area AFM images (10µm x 10µm) of the DIAH-tethered and BAcapped QD film: AFM scans of (g) height, (h) phase for the DIAH-tethered QD film and (i)
height, (j) phase for the BA-capped QD film.
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Figure B.4 DSC of the DIAH crosslinked QD films with a glass transition near 97°C (inset).
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Figure B.5 (a) FTIR spectra from 2500 cm -1 to 3500 cm -1 for crosslinked DIAH QD film (red line)
and BA capped QD film (black line). The C-H stretching band (blue frame) shows the decreased
CH3 asymmetric and symmetric stretching peaks during the solid-exchange ligand exchange
process while the N-H stretching band (green frame) remains similar. (b) Magnification of the NH stretching band region. The assigned peaks are symmetric N-H stretching at 3324 cm -1 and
shoulder band at 3133 cm -1, respectively. (c) Magnification of the C-H stretching band. The
assigned peaks are asymmetric and symmetric CH3 stretching peaks at 2958 cm -1 and 2873 cm 1
, asymmetric and symmetric CH2 stretching peaks at 2925 cm -1 and 2854 cm -1 and C-C-H peak
at 2898 cm -1, respectively. 2,3
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Figure B.6 Transient absorption dynamic at 630 nm for a CdSe/Cd1-xZnxSe1-ySy QD film.
The positive sign of the signal indicates that this feature is due to photo-bleaching (PB) of the
ground state absorption. The dynamics are adequately described by a bi-exponential fitting,
with two distinct lifetimes of 36 ps and 3.5 ns. The amplitudes associated with these decay
times are 0.2 and 0.8 respectively. The complex decay mechanisms possibly include surface
trapping, Auger recombination, and radiative recombination as well as possible overlap with the
PB due to biexcitons. 4 The data indicates that a substantial fraction of the exciton population
survives on the time scale of several ns. For QD’s of this size, 36 ps is much shorter than
expected for Auger decay and is possibly related to other processes.
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Figure B.7 Optical gain measurements of the crosslinked QD films from the VSL method. An
average gain value for the DIAH crosslinked QD films was obtained by examining multiple spots
over multiple substrates. Typically, these values exhibited similar net gain values (a). The
presence of optical gain was also confirmed from observing threshold behavior in input poweroutput power plots. These data were also collected from multiple spots over multiple substrates,
and also exhibited consistent values (b). Spectral narrowing of the VSL data is a further
indication of optical gain (c) The PL spectra of figure 2a that show the transition from
spontaneous emission to ASE with increasing pumping fluence. The PL intensity is presented in
log scale (d). Thickness dependent confinement factor at 640nm of DIAH- and OA- QD films
calculated by using lumerical mode solutions (e).

256

4

2.5x10

Experimental
Fitting
4

ASE Intensity (a.u.)

Emission (a.u.)

2.0x10

4

1.5x10

4

1.0x10

Gnet = 510 110 cm-1

3

5.0x10

550

575

600

625

650

675

700

725

0.00

750

0.01

Wavelength (nm)

Adj. R-Square 0.753
Value Standard Error
Intercept
0.5
0.2
Slope
0.7
0.2

Emission (a.u.)

2

ITH ~ 50 3 J/cm

3

10

2

Adj. R-Square 0.995
Value Standard Error
Intercept
-5.5
0.2
Slope
4.2
0.1

10

1

10

10

0.03

0.04

40

FWHM (nm)

4

10

0.02

Strip Length (cm)

30

20

10

0
0.00

100
2

0.01

0.02

0.03

0.04

Strip Length (cm)

Pump Fluence ( J/cm )

Figure B.8 Emission spectra of BA capped QD films under different excitation strip lengths (a).
All spectra are pumped at 440 nm with 5-ns pulse (pumped under 500 µJ/cm 2). The ASE
intensity exhibits an exponential increase with longer excitation strip lengths for certain lengths,
which indicates the presence of optical gain. The net gain values are fitted with an average net
gain of 510±110 cm -1 for the BA-capped QD films (b). The presence of optical gain is also
supported by threshold behavior in input power-output power plots (average of 50 ±3 µJ/cm 2) (c)
spectral narrowing of the emission peak as the pump strip length is increased (d).
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Figure B.9 An example of the experimental data and the fitting from an optical loss
measurement for the low loss DIAH-tethered QD films.
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Figure B.10 PL stability tests of DIAH-crosslinked and BA-capped QD films stored in a
desiccator under vacuum. The PL intensity of the DIAH-tethered QD film (black) remains stable
over 16 days while that of the BA-capped QD film (red) decreased to 60%.
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Appendix C
Chapter 7 supporting data
(LARGE-SCALE ROBUST QUANTUM DOT MICRODISK LASERS WITH
CONTROLLED CAVITY MODES)

Figure C.1 (a) Optical absorbance (solid) and photoluminescence (dashed) spectra of the
oleic acid capped QDs in solution. (b) TEM micrograph of oleic acid-capped core/gradedshell CdSe/Cd1-xZnxSe1-ySy QDs.
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Figure C.2 Film thickness as a function of the number of deposited QD layers during the
LbL assembly.
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Figure C.3 Bright field optical images of fabricated QD microdisks (diameter of ~25 μm)
using the same batch of butylamine capped QDs with (left) and without (right) the
crosslinking process. Cracks and non-circular circumference form during sonication in
the non-crosslinking case (right).
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Figure C.4 (a) PL image of an array of microdisks with diameter of 10.6 μm (b) SEM
image of an array of microdisks with diameter of 26.0 μm.
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Figure C.5 Lasing spectra with mode splitting in microdisk with diameter of (a) 10.6 μm,
(b) 26.0 μm, (c) 41.6 μm, and (d) 52.1 μm.
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Figure C.6 Quality factor of the longitudinal cavity modes from lasing spectra (mode
splitting) of microdisks with diameter of (a) 10.6 μm, (b) 26.0 μm, (c) 41.6 μm, and (d)
52.1 μm. (e) quality factor of lasing spectra with mode splitting as a function of disk
diameter.
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Figure C.7 Quality factor of the longitudinal cavity modes from microdisks with diameter
of (a) 10.6 μm, (b) 26.0 μm, (c) 41.6 μm, and (d) 52.1 μm.
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Figure C.8 Schematic of the confocal photoluminescence measurement apparatus.
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Appendix D
Chapter 8 supporting data
(LARGE-AREA LASING AND MULTICOLOR
PEROVSKITE QUANTUM DOT ARRAYS)

Figure D.1 TEM micrograph of oleic acid-capped CsPbBr3 QDs.
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Figure D.2 Bright field (b) and fluorescence (c) images of different individual patterns.
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Figure D.3 (a) Emission spectra of CsPbBr3 QD film under different pump fluences
showing ASE and spectral narrowing. (b) Optical gain value of CsPbBr 3 QD film fitted by
using variable stripe length method.
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Figure D.4 Emission spectra of (a) CsPbBr3 QD disk pattern; (b) CdSe/Cd1-xZnxSe1-ySy
QD disk pattern by integrating the PL emission of an 2 μmx2 μm region within green and
red microdisks using hyperspectral system.
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Figure D.5 Emission spectrum of blue CdSe/Cd1-xZnxSe1-ySy QDs dispersed in hexane.
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Appendix E
Chapter 10 supporting data
(COALESCENCE OF PARASITIC MODES AT AN EXCEPTIONAL POINT
IN COUPLED MICRODISK LASERS)

Figure E.1 TEM micrograph of oleic acid-capped CdSe/Cd1-xZnxSe1-ySy QDs.

274

Figure E.2 (a) bright field (b) dark field and (c) photoluminescence microscopic imaging of
microdisk with diameter of 25 µm. (d) AFM topographical image (top-view) and (e) 3D projection
of microdisk with defects formed near circumference.
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Figure E.3 (a) bright field (b) dark field and (c) photoluminescence microscopic imaging of
coupled microdisk with disk diameter of 25 µm. (d), (e), (f) SEM images of 3 sets of coupled
microdisks.
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Figure E.4 shows three representative examples of the behaviors of individual microdisks. In (a)
the spectrum shows a single mode progression, while the fluorescent and bright field microscope
images show a relatively uniform circumference. In (b) and (c) mode splitting is observed in the
spectrum and the fluorescent and bright field microscope images show defects along
circumference. Not the relative blue shift of the mode envelope between (a), and (b) and (c).

277

Figure E.5 As an important control experiment, we perform the spatial gain variation
measurement on an isolated 25𝜇m diameter disk. Here the behavior is largely different from that
of the disk pair due to absence of coupling to another disk. As the disk enters the beam spot,
threshold is achieved first at the longest wavelength modes. Then, as it moves completely into
the beam spot the shorter wavelength modes are observed and grow more quickly in intensity
than the long wavelength modes. This behavior is expected because of the large material loss at
shorter wavelength. Thus, when the disk is only partially pumped, the unexcited region
contributes much more loss at short wavelength than at long wavelength. There is then a 25𝜇m
plateau in emission intensity as the disk moves through the spot but is entirely pumped. The
negligible variation in the measured spectrum in this region is a testament to the negligible effects
of pump inhomogeneity with the beam spot. We can thus safely conclude that the onset of the
long wavelength modes as well as the self-termination of short wavelength modes from the evenly
pumped pair are entirely due to the mutual coupling between them and influence of gain/loss
contrast between them, and not a property of isolated disks or due to experimental error.
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Figure E.6: (a) shows the eigenfrequencies ω1(A) (blue), ω2(A) (red), and ω3(B) (green), vs. the gain
differential ∆gAB for different values of γ23 with κ fixed. As γ23 increases the point of coalescence
of intra-cavity modes ω1(A) and ω2(A) moves to larger (negative) values of ∆g AB. In (b) a similar
behavior occurs for varying values of κ with γ23 fixed, however, the coalescence point moves to
lower magnitude of ∆g AB as κ increases. Empirically, we find that this coalescence occurs at the
point ∆gAB = (γ23)2/2κ. This signals the cross-over from the strong intra-cavity coupling regime to
the intermediate coupling regime. In (a), the subsequent bifurcation of inter-cavity modes ω1(A)
and ω3(B) occurs closer to ∆gAB = 0. The bifurcation point scales with γ 23 as ∆gAB = 2γ23.
Meanwhile, in (b) we see the bifurcation point is seen to be insensitive to κ. Hence, in this region
the inter-cavity coupling dominates and effectively reduces the problem to that of two coupled
modes
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Figure E.7 both γ23 and κ are held constant while the value of γ 12 is increased from zero. It is
clear that as γ12 increases the coalescence is transformed into and avoided crossing. In the high
γ23 limit the minimum splitting ∆ω that is achieved is ≈ γ 12. Thus when γ12 = 0 a true exceptional
point is obtained. It is also clear from this figure that the points of coalescence and bifurication
are independent of γ12.
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