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ABSTRACT

A novel type of white light emitting semiconductor quantum dot was characterized at the
ensemble and single-molecule level. This kind of semiconductor nanocrystal can be made into
white light emitting diodes, which have the potential to replace conventional lighting sources.
The quantum dots used in this thesis consisted of a cadmium selenide (CdSe) core, capped with
ZnS, and have a surface polymer coating of poly(acrylic acid) (PAA). We have characterized the
quantum dot size distribution by using dynamic light scattering (DLS), transmission electron
microscopy (TEM), atomic force microscopy (AFM) and UV-Vis spectroscopy. Based on these
measurements, it is clear that the white quantum dots are polydisperse, with a core size of 2.4 +
0.5 nm, though the polymer coating swells considerably in agueous solution. In order to explore
the optical properties, the absorption and emission spectra of the ensemble quantum dots solution
were measured and compared to “standard” commercial quantum dots. The emission spectrum
of the white quantum dots showed two peaks, a strong blue emission peak and a weaker red
emission peak. The fluorescence quantum yield of the white quantum dots was found to be less
than that of commercial quantum dots. To explore the behavior of individual quantum dots,
spatially-resolved single-molecule images were obtained by a dual-view single molecule
fluorescence microscopy with a beam splitter which can separate the emission into red and blue
components. It was found that individual white CdSe nanocrystals have a broad emission
spectrum and the samples did not consist of a mixed population of red emitters and blue emitters.
These results suggest that these white light emitting quantum dots can be used for pure white

light LEDs and are a good candidate for the replacement for conventional lighting sources.
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1 INTRODUCTION

1.1 Quantum dots

Quantum dots (QDs) are nanoscale semiconductor particles that have been widely used for a
number of applications. QDs exhibit a size tunable, narrow emission spectrum (the emission
peak shifts towards to the red with increasing particle size), brighter emission than organic dyes,
a broad excitation spectrum and excellent photostability.>? Moreover, they can absorb and emit
photons ranging from the UV to IR. These properties, combined with biocompatible coatings,
have made them useful for a host of applications including optoelectronics, spectroscopy and

biological imaging.

1.1.1 Quantum confinement

When a quantum dot absorbs a photon of sufficient energy, an electron will be excited into
its conduction band leaving a hole in its valence band. As the size of a QD decreases, eventually
the particle radius is smaller than the Bohr exciton radius (the distance between the electron and
hole), which results in a spectroscopic effect called quantum confinement. In this effect, the
exciton (a pair of photoexcited electron and hole) is confined to a small space (a three dimension
(3D) box), on the order of the material’s exciton Bohr radius. The presence of Coulombic
attraction between the electron and hole prevents them from fully separating. Energy levels
become discrete and quantized, and the band gap is increased relative to a bulk semiconductor.
Based on the Brus equation,® the energy gap between the lowest level of the conduction band (so
called Lowest Unoccupied Molecular Orbital (LUMO)) and the highest level of the valence band
(so called Highest Occupied Molecular Orbital (HOMOQ)) can be approximately calculated by

equation 1.1:



h2 /1 1
E(r)=Egap+l—< + >lE (1.1)

8rz\m, m,
where Egqp is the band gap energy of bulk material, me and my, are the effective mass of the
excited electron and hole, h is the Planck constant, r is the radius of the quantum dot and E_ is
energy of Coulombic attraction. Due to the complicated band structures of semiconductors, the
simplest way to estimate the band gap energy is to use an effective mass of electron or hole
which is obtained by fitting the band structures by parabolas near the bottom of the conduction
band or the top of the valance band. In the effective mass approximation model, there are some
important parameters which are not taken into consideration, such as size dependent structural
lattice rearrangements and surface states, so it cannot predict and explain experimental results of
very small quantum dots effectively. To overcome these problems, alternative models have been
post developed, such as the potential-morphing method (PMM) by Baskoutas et al.* As the size
of the quantum dots decreases, the band gap gets larger and both the optical absorption and

emission bands are blue-shifted.’

1.1.2 Applications of quantum dots

In the last 20 years, quantum dots have been used in biology and optoelectronics. In biology,
luminescent semiconductor quantum dots have been attached to appropriate ligands for use in
biological sensing, labelling and imaging.®” The main use for quantum dots is fluorescence
resonance energy transfer analysis and single-particle tracking which is popular in the field of
diagnosis and treatment of diseases due to rapid and sensitive detection.®® Because of their small
size and photostability, QDs can be used in cells for longer times than organic dyes and can enter
into live cells to interact with DNA and proteins. There has been interest in detection of cancer

cells by detection of QDs binding to altered DNA sequences or proteins that are present in



certain types of cancer.’® Moreover, QDs have found application in multiple-color imaging of
live cells without any effect on normal growth and development due to the narrow and tunable
emission spectra.*

In optoelectronics, the broad excitation band of QDs has allowed them to be used in solar
cells, while the narrow emission spectra have given rise to the idea that quantum dots can be
made into light emitting diodes (LEDs), with the color of the LEDs being tunable through
controlling the quantum dot size."**® Recently, there has been interest in the development of
white light emitting diodes made of semiconductor nanocrystals which has the potential to
replace conventional lighting. Incandescent lamps and linear fluorescent lights are the two main
light sources for the residential and commercial sectors, and high intensity discharge lighting can
be found in outdoor facilities. In 2010, all of these lamps consumed nearly 700 TWh of
electricity in the United States.* Therefore, improving energy efficiency has become an
important topic and LED-based lighting is an excellent option. At the early stages of LED
technology, LEDs were used in illuminated signs or traffic lights and they are now widely used
in television backlight units. A report provided by the U.S. Department of Energy has indicated
that LED lighting would save 300 TWh of electricity and reduce the amount of carbon emissions
in the U.S. once the properties of LEDs achieve expectations.** The main challenge for the
energy saving devices is the high cost of fabrication. This could be achieved by simplifying the
design of the structures and improving the emitting materials. Compared with phosphor-
converting LEDs based on GaN, one of the earlier LED technologies, organic light emitting
devices (OLEDs) can be flexible and fabricated into large area with low-cost fabrication
techniques such as evaporation and spin-casting due to the solution-based emitting materials.*

At present, the best OLEDs can have a quantum efficiency of up to 20% which is much higher



than that of QLEDs.* The low emission efficiency of QLEDs can be attributed to the poor
injection of holes into the quantum dot layer.*” However, QLEDs have developed quickly in the
past 10 years. Changhee Lee and his research group have improved the quantum efficiency of
QLEDs to around 5% and the longevity has also been enhanced by introducing a new inverted
structure of QLED."™ While QLEDs have not yet matched the performance of OLEDs, their
unique optical properties, such as their color stability, easily tunable color and long lifetime, still
make them good candidates for LEDs. Colloidal CdSe/ZnS core-shell QDs have been the most
widely investigated materials for these applications because of their high quantum yield and high
photostability at room temperature.*?

White emitting QD samples have been reported previously in the literature and generally
there are three possible mechanisms by which these systems emit white light. The first is that
white emission results from intermixing of red, green, blue emitting quantum dots that have
narrow emission spectra. The broad spectrum can be easily adjusted by changing the ratio of
different color QDs.* This approach has been widely used in preparing commercial LEDs.
However, they still suffer from a loss in total device efficiency. Because the drying process on
the substrate has driven the quantum dots in close proximity, exciton energy can be transferred
from higher energy QDs to lower energy QDs through resonant energy transfer. In this case, a
higher concentration and efficiency of blue emission QDs are necessary.™ Because of the high
surface-to-volume ratio of small QDs, several deep trap states can be found between the
conduction band and the valence band. Once the diameter of the QDs is less than 2 nm, which is
often referred as ultrasmall QDs, three distinct peaks are typically observed in the emission
spectrum which arise from different trap states on its surface.?’ Such trap states typically result

from surface passivating ligands or missing surface Se and Cd atoms (defects). Because of these



trap states, the emission spectrum is generally more broad.?®# In the final case, white emission
can be achieved by exchanging the surface ligands attached to small QDs. Kamat and his group
have reported that the broadening of the emission spectrum can be adjusted by addition of
different concentration of 3-mercaptopropionic acid (3-MPA).?* The band gap emission
decreases, while the deep trap emission increases with the increase of the concentration of 3-

MPA which results in emission of white light.
1.2 Fluorescence

1.2.1 Jablonski diagram
Fluorescence refers to the emission of light at longer wavelengths after the absorption of a
light at a given shorter wavelength. When a molecule absorbs a photon, it will be excited from

the ground state (Sp) into a higher electronic excited state S, (hn=1), usually the S, state. The

excited molecule will relax back to the ground state by a number of pathways. A Jablonski
diagram (Figure 1.1) illustrates the various processes involved in the creation of an excited
exciton and the following relaxation by either non-radiative or radiative decay. The radiative
decay between states of the same electron spin multiplicity (from S; to Sp) is called fluorescence
emission. The other radiative decay between states of different electron spin multiplicity (from
the Ty to Sp) is called phosphorescence. There are also a number of other possible occurrences
referred to as non-radiative processes. There are three kinds of non-radiative processes: internal
conversion (IC), intersystem crossing (ISC) and intramolecular vibrational redistribution (IVR).
Internal conversion occurs between energy states of the same spin multiplicity. Intersystem
crossing occurs between different spin states. Vibrational relaxation is the most common non-

radiative process which occurs quickly for most molecules. In this process, any vibrational state



that is selectively populated at energy higher than the average vibrational energy of the

surrounding medium will undergo vibrational relaxation.
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Figure 1.1 Jablonski diagram illustrating possible outcomes of a photoexcited molecule.

It is worthwhile noticing that the energy of the emitted fluorescence photon is usually
smaller than the excitation photon. This can be attributed to the energy loss during the internal
conversion (IC) process and intramolecular vibrational redistribution (IVR) process, when
energy is dissipated during the excited state lifetime. As a result, a difference in energy can be
observed by a spectral red shift of the fluorescence emission spectrum in comparison to the
absorption spectrum, which is known as the Stokes shift (Figure 1.2). The extent of Stokes shift

is highly dependent on the electron configuration of the excited state as well as the local



environment of the fluorescence emission. The Stokes shift of ultrasmall QDs whose diameter is

less than 2 nm is usually greater than 20 nm compared to larger nanocrystals.”®

Stokes’ shift
€<

Absorption Emission

Wavelength / nm

Figure 1.2 Absorption and emission spectra

1.2.2 Semiconductor Fluorescence

Semiconductors are defined to have conductivity between an insulator and a conductor, as
shown in Figure 1.3. Conductors and insulators both have their uses, but semiconductors have
remarkable properties that make them very suitable for a wide variety of applications. The
optical properties of a semiconductor are controlled by its band gap between the conduction band

(the lowest unoccupied band) and valence band (the highest occupied band).?* The valence band



energy states are completely occupied in the absence of any excitation (optical or thermal).

Conduction only occurs when an electron is excited across the band gap into the conduction band.

CB
CB
CB
Egap Egap =0
VB
Insulator Semiconductor Metal

Wide Band-gap Narrow Band-gap Partially Filled Band

Figure 1.3 Energy band gaps of three different kinds of materials.

Semiconductor fluorescence is analogous to molecular fluorescence. In a semiconductor, an
electron absorbs enough energy to jump to the conduction band leaving a hole in the valance
band. Eventually they reach each other, forming an exciton which is the combination of an
excited electron and a hole by Coulomb attraction. The exciton can then recombine and emit a
photon. However, the electron-hole in the semiconductor may get trapped in the trap states and
recombine to emit a photon with lower energy (Figure 1.4). These trap states result from several
factors, including defects that are localized states in a semiconductor due to imperfections in the

crystal, missing or extra atoms and dangling bonds.? In order to prevent the electron or hole



from getting trapped, QDs cores are usually overcoated with a wider band gap material such as
ZnS or CdS. The shell reduces the number of trap states, confines the electron and hole away
from the surface and suppresses broad deep trap emission. Finally, a layer of organic polymer is
put on the surface, which is used to further passivate the surface, prevent the aggregation of

21,26 the number of

particles and make them soluble in different solvents. According to Bowers,
trap states increases with a reduction of the diameter of the quantum dot due to the increased
surface-to-volume ratio and the reduced distance for the hole or electron to the surface. The deep

trap emission of ultrasmall QDs gives rise to a broad emission spectrum which can be considered

white light.
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E\’—— Trap states

Energy

Trap states

Figure 1.4 Energy description of semiconductor excitation and trap states.



1.3 Single molecule (SM) microscopy

Single molecule studies can be used to identify individual contributions to an ensemble
average. More information can be gathered from the distribution of single molecule properties
than that of averaged ensemble values. Single molecule spectroscopy (SMS) is a new field of
research in which the spectroscopic properties of individual, isolated molecules are measured.
Detection of a single molecule sets the limit of ultimate molecular detection at 1.66 x 10 moles
of molecule i.e. the inverse of Avogadro’s number.?” During single molecule fluorescence
measurements, the fluorophore will be excited by a photon from the ground state (Sp) to the
excited state (S1) and emit fluorescence photons, relaxing back to the ground state. The photons
can be collected by an ultra-sensitive detector, and under appropriate conditions, individual
molecules can be detected above a dark background. Individual QDs can also be detected using

the same approach.

1.3.1 Absorption cross section

Absorption cross section can be used to describe the probability that a photon of a particular
wavelength passing through a molecule will be absorbed by the molecule.?” A high absorption
cross section results in a high probability of photon absorption and thus is important for
achieving strong fluorescence emission. The absorption cross section of a randomly oriented
molecule can be calculated by the following equation:

cp=2n(%)2 <Y—> (1.2)

1-‘tot

where A is the light wavelength, y, the spontaneous fluorescence rate, and 'y the total frequency

width of the absorption.
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A simple way to determine the absorption cross section (in unit of cm?) of the molecule at

room temperature is through the equation:

2.303¢ (1.3)
O0,= .
p NA

where ¢ is the molar extinction coefficient (in L mol™ cm™) at the desired wavelength and N is
the Avogadro constant. The emission rate from a fluorophore will increase with increasing
excitation intensity before the molecule is optically saturated. Optical saturation occurring at
very high excitation intensity limits the emission because of a decrease in an absorption cross

section area and increase in the background signal.?’

Therefore, optimization of the excitation
power is crucial for the measurement of individual molecules. With sufficiently high excitation
power, the total number of emitted photons will also be limited by the occurrence of
photobleaching, which will stop the fluorophore from absorbing and emitting photons. The
reason for the photobleaching is complicated and remains unclear. Photo-oxidation is generally
believed to be one of the main causes of photobleaching.?® Reducing the amount of oxygen a
sample is exposed to generally helps to postpone the occurrence of photobleaching. Because of

optical saturation and photobleaching, the signal size we get from the fluorescence emission is

usually smaller than the ideal model.

1.3.2 Quantum yield
As shown in Figure 1.1, an excited fluorophore will relax back to the ground state via either
radiative or non-radiative decay process. Fluorescence quantum yield (¢f) is defined as the ratio
of the number of photons emitted by the molecule to the number of photon absorbed, which is

given by:
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krad
Gp=——— 1.4
f krad+knr ( )

where krg and knr represent the radiative and non-radiative rate constants respectively. For
single photon absorption events, the sum of the quantum vyields of all parallel relaxation
processes involving radiative and non-radiative decay must equal 1. Therefore molecules with a
high fluorescence quantum vyield, as close to unity as possible, are preferred in single molecule
fluorescence spectroscopy studies. The easiest way to estimate the quantum yield of a
fluorophore is by comparison with standards of known quantum yield (usually highly fluorescent
molecules with ¢+ near 1).2° Rhodamine 6G which exhibits a ¢; value of greater than 0.9 is one of

the ideal standards.

1.3.3 Signal-to-noise and signal-to-background issues

Signal-to-noise ratio (SNR) and signal-to-background ratio (SBR) are two of the most
important factors which decide whether a single molecule can be measured. In the narrow sense,
the word “noise” refers to fluctuations which contain unwanted information. Some sources of
noise can be minimized, while some of them will be always present, such as shot noise of any
detected photons and dark counts from the photodetector.*® Background is usually derived from
the fluorescence emitted by contaminated solvent or substrates and optical parts in the setup,
which can be minimized by using ultrapure solvent or ultraclean substrates.”” Figure 1.5
demonstrates that the signal of a detector is generally made of the detector offset and dark counts,
the background and the signal which contains information of interest. The dark count refers to
the reading of the photo detector in the absence of excitation light source, and it does not vary
according to the incident power. The scale of background is usually proportional to the power of

excitation which is similar to the signal of interest.
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Figure 1.5 Definitions of the offset, dark level, noise and signal from a single molecule.

As mentioned, the background may result from both experimental sources which include
colored glass filters and the microscope objective itself and sample preparation. The background
photons generated from the sample itself are mainly due to the elastic Rayleigh scattering and
Raman scattering. Rayleigh scattering is known as the elastic process which only alters the
propagating direction of the photon without any energy loss. Raman scattering, on the other hand,
involves the energy loss of the incident photon due to the interaction of the photons and molecule.
This kind of light scattering results in a spectral red-shift to a longer wavelength (less energy).
Since the signal of background will increase with the enhanced intensity of excitation power,
using microscopy techniques with a small excitation volume helps to reduce the background and
focus on the single molecule of interest. Moreover, the sample preparation for SM fluorescence

microscopy is extremely demanding in comparison with the conventional bulk measurements.
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Non-fluorescent immersion oils and ultrapure solvents without any fluorescent impurities must

be used in order to get a very low background signal.

In addition to reducing background signals, maximizing the collected signal is also
necessary in single molecule fluorescence spectroscopy experiments. SNR is defined as the ratio
of the level of signal to the level of noise. Based on the assumption that the contributor to signal
and noise are Poisson distributed, the SNR can be described as:

S
SNR = —— 1.5
vS+ B+ DC (1)

where S is the fluorescence signal count rate from the molecule, B is the background count rate
and DC is the dark count rate from the photodetector. In order to observe the single molecule
signal, the size of signal needs to be compared to the size of background and dark counts. To
express this quantitatively, the SNR can be determined by all the following factors in the half-

empirical equation:

o ()
\/ (Foe () (rl:_%) i) + CyPoi + Nqi

where ¢r is the fluorescence quantum yield of the molecule of interest, op is the absorption cross

SNR =

(1.6)

section, i refers to the detector counting interval, A is the beam area, Pyo/hv is the number of
incident photon per second, Cy is the background count rate, Ng is the dark count rate and F refers
to the instrument-dependent factor. The overall collection efficiency in terms of instrument-
dependent factor (F) is determined by each component in the microscopic setup (shown in

Equation (1.7)):

F= €obj X €opt X Efilter X €det (1.7)
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where €onj , €opt, Eitter, aNd Eqer represent for collecting efficiency of the microscope objective,

optics, filter and photodetector respectively.?’

1.4 Synthesis of quantum dots

In the past two decades, several routes have been developed to synthesize QDs. The most
frequently cited process of synthesizing monodisperse QDs is referred to as the hot-injection
method based upon the work of Murray and co-workers in 1993.3* A cool solution of precursor
molecules is injected into a high boiling point organic solvent at high temperature under an inert
gas atmosphere. This gives rise to the formation of QD nuclei and this is stopped by rapidly
cooling the reaction. Growth of the existing nuclei is promoted by increasing temperature again
but the solution is always kept below the nucleation temperature. The quality of the products
depends on the speed of injection and how well one can control the nucleation and the growth
temperatures. Under these synthetic conditions, a narrow size distribution of QDs could be

achieved by the separation of nucleation and growth.

For the aim of applications in different areas, the synthesis of water-soluble QDs has
become a topic of broad scientific interest. With the traditional synthesis methods, the resulting
QDs can be made water soluble by replacing the hydrophobic surface ligands with hydrophilic
ones or by adding an additional solubilizing layer of silica.3*>* In these cases, the exchange of
surface ligands often leads to a low stability of QDs in water and the formation of defect sites on
the particle surface which results in a decrease in fluorescence quantum yield. Recently, some
more direct routes to synthesize water-soluble QDs have been developed.*** However, most of
the existing methods required stringent control of the atmospheric conditions and high
temperature. Our collaborator has developed an alternative approach for making QDs in aqueous
and ambient conditions. Aqueous Cd salt solutions are mixed with poly(acrylic acid) (PAA),
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leading to collapse of the extended polymer chains, and followed by photochemical cross-
linking to form a nanotemplate within which the quantum dot core is grown. The synthesis uses
low particle growth temperatures, which favours formation of small QDs, and uses only aqueous
solutions. Chemical synthesis of the quantum dots used in this study was carried out by Dr. Jane
Goh at the Department of Chemistry, University of Toronto. More details are provided in

Chapter 2.

1.5 Research objectives

The overall object of my master’s project is to determine the reason why the semiconductor
quantum dots described above emit “white” fluorescence. Recently, there has been interest in the
development of white light emitting diodes made of semiconductor nanocrystals for lighting
applications. If these semiconductor quantum dots are to be used in the future for solid state
lighting, we need to understand the mechanism responsible for the white emission. Because of
the size-dependent optoelectronic properties of quantum dots, a fundamental understanding of
the nanocrystal size distribution is required, which will be described in Chapter 2. This was
followed by measurements conducted using conventional optical spectroscopy, including
absorption spectroscopy and fluorescence spectroscopy to examine basic optical properties.
Efforts were made to measure individual contributions to the average by a dual-view single
molecule fluorescence microscopy (Chapter 3). Another important issue to be explored is the
reproducibility of the synthesis. Another batch of white quantum dots was analyzed using all the
measurements above to assess the batch-to-batch reproducibility. The results from these

experiments are presented and discussed in this thesis.
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2 Synthesis and size distribution measurements

2.1 Overview

Three different kinds of size distribution measurements have been carried out in order to
determine the size of the QDs. The focus of this study was to determine whether the white light
emission is attributed to any special size distribution. The results gathered from the three

different kinds of instruments are presented and discussed in this chapter.
2.2 Materials and methods

2.2.1 Sample Preparation

The samples (white QDs solution-CdSe/ZnS-PAA and CdSe-PAA solution) were provided
by Dr. Jane Goh from University of Toronto. Poly(acrylic acid) (MW ~450,000) was from
Aldrich. Cadmium nitrate, sodium selenite, hydrazine and thioacetamide were from Alfa Aesar.
All chemicals were used without further purification. The water used in all the experiments had a

resistivity >18 MQ/cm.
Cd*-PAA

PAA was weighed out (2.0 g) and dissolved in 1 L of water and the pH of the solution was
adjusted to ~6.8 with the addition of NaOH (10 M solution), and monitored using pH paper. To
this slightly viscous solution was slowly added 1 L of Cd(NO3), (5 mM solution) to produce a
clear colorless solution, which was subsequently exposed to 254 nm light for 1 hour resulting in

a pale yellow solution of viscosity similar to water. This solution was referred to as Cd**-PAA.

CdSe-PAA
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To 1300 ml solution of Cd**-PAA in a round bottom flask were added Na,SeOs solution (13
mL, 50 mM solution) and hydrazine (6.5 mL); this was refluxed for 2 hours. This solution was

referred to as CdSe-PAA.
Purification

A 100 mL of the crude CdSe-PAA solution was mixed with NaCl (5 mL, 3 M solution) and
shaken vigorously. To this was added 100 mL of ethanol (absolute or 95%) and then shaken
vigorously. The solution was centrifuged at 12,000 RCF for 15 minutes, and then decanted. The
pellet was washed with 50% ethanol three times, and air-dried overnight at room temperature.

The dried pellet was reconstituted with 20 mL of H,0.
CdSe/ZnS-PAA

To 1350 mL of H,O was added the purified CdSe-PAA solution above (150 mL), Zn(NOs),
solution (9.75 mL, 250 mM), and thioacetamide solution (0.975 mL, 250 mM). The mixture was

refluxed for 20 h.

The Lumidot CdSe/ZnS (core-shell type commercial QDs stabilized with hexadecylamine
(HAD) ligand, 532 nm) in toluene was purchased from Sigma-Aldrich. Before each
measurement, the white QDs were diluted in ultrapure Millipore water and commercial QDs in
toluene to an appropriate concentration and filtered with a 0.2 um syringe filter. The solution was
then sonicated for 10 minutes to break up any possible aggregates. For AFM measurements, 50
uL of the diluted sample was deposited onto a freshly cleaved mica sheet (SPI supplies) and
allowed to evaporate under ambient condition for 30-40 minutes depending on the density of
particles required. The residual solution was dried with a stream of nitrogen gas. For TEM
measurements, carbon film-coated copper grids (200 square mesh copper grids; Electron
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Microscopy Sciences) were treated in a benchtop plasma cleaner (Harrick Scientific) under the
"medium” power setting for about 15-30 seconds. This treatment usually makes the grids
hydrophilic, and allows hydrophilic particles to spread more evenly. The sample was prepared by
dropping 5 pL of the diluted solution onto a plasma treated grid and evaporated at room

temperature overnight before imaging. These methods were followed for all samples.

2.2.2 Instrumentation

All the measurements were performed in ambient conditions. The hydrodynamic diameter
was measured on a Malvern Zetasizer with a measurement angle of 173° backscatter using 10
mm x 10 mm quartz cuvettes. Samples were equilibrated for two minutes at 25 °C before a
minimum of three measurements were made. Dynamic light scattering (DLS) measures the
intensity fluctuations of scattered light arising from Brownian motion of particles in solution
which can be converted to an intensity correlation function.*” An important feature of Brownian
motion for DLS is that small particles move quickly and large particles move more slowly. As
the particles move around, the movements will cause the intensity of the scattered light to
fluctuate, and the fluctuations are directly related to the rate of diffusion of the particle through
the solvent.® The fluctuations can be measured by the detector and analyzed to determine a

hydrodynamic diameter for the particles by using the Stokes-Einstein equation:

4 = KT
h_31TnD

(2.1)

where k is Boltzmann’s constant, T is the temperature in K, 1 is the solvent viscosity and D is the
diffusion constant derived from the intensity correlation function. The simplest method to

analyze the intensity correlation function is the cumulants analysis which can give the average
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size and the value of polydispersity index for the sample.*® The log of the G1 correlation

function can be fitted by cumulants analysis by the following equation.*°
In[G1] = a + bt + ct? + dt3 + et* + --- (2.2)

The polydispersity index can be calculated from two terms in the above equation.
C
PDI = — (2.3)

where b is the Z-average diffusion coefficient. In this case, the particles are assumed to be
spherical or near-spherical in shape.** Based on an equivalent sphere with the same diffusion
coefficient, if the sample is monodisperse and can be dispersed well in the solvent, the calculated
average size is acceptable. In other words, the average size might be calculated incorrectly if the

distribution is very broad.*?

AFM images were obtained using a Dimension Hybrid Nanoscope system (Veeco
Metrology Group) which uses a cantilever with a sharp nanometer-sized tip to scan the specimen
surface. After the tip touches the surface of the sample, the probe will experience a force
between the tip and the sample which will cause bending of the cantilever. A laser beam is used
to detect the cantilever bending by reflection from a mirror placed on the back of the cantilever
onto a split photodiode.** For AFM particle analysis the size of the small particles should be
greater than the topographical features of the substrate. Therefore, the ultraflat and hydrophilic
properties of mica make it as an ideal substrate for AFM measurements. A schematic diagram of

the system is shown in Figure 2.1.
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Figure 2.1 Schematic diagram of an AFM. A laser beam is focused on the back of the cantilever to

measure changes in cantilever deflection. The beam is reflected into a four-quadrant photodetector.

Contact imaging mode was used to collect topographical images. Samples were typically
imaged with a scan size of 2 um X 2 um and a scan rate of 1.00 Hz. Nanoparticle height (z
direction) was used to determine nanoparticle diameter. The Z-axis resolution is usually better
than the resolution in the X-Y scan plane of the sample surface, especially when the size of the
probe is much larger than the surface features. Tip artifacts can make in-plane measurements (x—
y direction) larger than the actual nanoparticle width which cannot be used to estimate the size of
nanoparticles.* In the X-Y plane, we can determine whether the sample is dispersed well and

find the sample texture.*

Transmission electron microscopy (TEM) was carried out on a Philips CM10 (1990) TEM
in the Department of Biology. In TEM, a focused beam of electrons is transmitted through a

specimen. After the interaction of electron beams with the sample, an image is formed from the
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electrons transmitted through the specimen. Because of the much higher electron density, heavier
atoms scatter more electrons and less electrons pass through. Therefore, TEM can be used to get
the size of the QD cores. However, the polymer coating cannot be viewed due to the lack of
scattering contrast.*® In this thesis, TEM images were recorded at 73 k x magnification. At this

level of magnification, the scale can be set as 1 mm is equal to 14 nm.
2.3 Results and discussion

2.3.1 Dynamic light scattering
The size distribution of quantum dots in water determined from DLS is shown in Figure 2.1.
The intensity-weighted average particle hydrodynamic diameter (Z-average) was around 41 nm
with a polydispersity index (PDI) of 0.28 which is used to describe the width of the particle size
distribution.*” Based on the algorithms described in the method section, values smaller than 0.05
indicate the sample is highly monodisperse, while values greater than 0.70 indicate the sample
has a very broad size distribution.** The value of our sample was between 0.05 and 0.70

indicating our sample was moderately polydisperse.
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Figure 2.2 Analysis of nanocrystal size by DLS. The size distribution was shown by intensity and the Z-

average diameter is 41 nm with a polydispersity index of 0.28.

As shown in Figure 2.1, the white QD solution was polydisperse with relatively high value
of PDI and broad width of distribution. When a particle moves through a liquid medium, a
hydrated layer will adhere to its surface which has an important effect on the movement of the
particle. Thus the hydrodynamic diameter of nanoparticles gives us information of the inorganic
core along with any coating material and the hydrated polymer layer as it moves under the
influence of Brownian motion. As described in the procedure of synthesis, the quantum dot core
was grown in a collapsed polymer (PAA) system, which acted as a nanotemplate. (Figure 2.2 (a))
Therefore, the hydrodynamic diameter of the quantum dots measured by DLS consists of CdSe
core, shell of ZnS, coating material (PAA) and any additional hydration layer of water associated

with the polymer shell. Based on the molecular structure of PAA (Figure 2.2 (b)), when it
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dissolves in water at neutral pH, many of the side chains of PAA will lose their protons and
acquire a negative charge. This gives PAA the ability to absorb protons from the environment
which makes the thickness of the hydrated layer unknown. The thickness of the hydrated layer
depends on various factors, such as the electrical conductivity of water and the properties of the
coating material. Moreover, since the PAA is composed of many repeated subunits, it is
impossible to keep the length of the each polymer and the thickness of the polymer shell constant.
The unknown thickness of the hydrated layer and length of the coating polymer make the
hydrodynamic diameter of quantum dots variable. As noted in the Zetasizer instrument manual,
there will be some error in the conversion from intensity distribution to number distribution,
especially in a polydisperse system, so the intensity-based value cannot be directly compared to a
number mean value from other methods.** This instrument is usually used for comparative
purposes and determining aggregates of the particles due to the sensitivity to the presence of

aggregates.

Figure 2.3 (a) Hydrodynamic diameter measured by DLS consists of quantum dot core, coating material

(PAA) and a hydrated layer of the solvent. (b) The chemical structure of PAA.
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2.3.2 Atomic force microscopy
DLS is a rapid, non-destructive and valuable technique for particle size determination in
solution. It is useful for measuring size for identifying the presence of aggregates and estimating
relative proportions of particles in liquid samples. A supporting measurement was performed by

AFM in contact mode with quantum dot solutions deposited onto a cleaned substrate (mica)

(Figure 2.3).
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Figure 2.4 AFM height image (2 um x 2 um) and the cross-sectional analysis. Z-axis scale is 50 nm. The

difference between the peak height and the average baseline is the particle size (diameter).

The AFM imaging indicates that quantum dots dispersed well on the substrate and it was
easy to differentiate the single particles from background and aggregated particles. However, as
noted previously, the core of the QDs was grown in a nanotemplate made of PAA. Therefore, the
isolated spots on the substrate surface may be either polymer with CdSe cores inside or polymer

without any cores, which cannot be distinguished by AFM. For small size quantum dots whose
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geometry could change significantly due to tip-sample forces, the Z-axis resolution is usually
better than the resolution in the X-Y scan plane of the sample surface. The particle height was
measured by making several cross-sectional line profiles across the nanoparticles and subtracting

the average baseline from the peak height.

For statistical study, 288 nanoparticles were measured. The histogram of particle heights
(Figure 2.4) shows the majority of the quantum dots were between 2 nm and 10 nm in diameter.
The AFM analysis yielded a nominal diameter of 8 nm with a standard deviation of 5 nm. The
nanoparticle cores are probably less than 8 nm because of the PAA within which the crystalline
nanoparticle has grown. The AFM results also suggest that the sample was polydisperse because
of the wide range of the sizes, which is consistent with what was found by DLS. As noted earlier,
the water soluble quantum dots are grown in a nanotemplate made of PAA and coated in a ZnS
shell to make up for crystal defects. These two coats make the quantum dots thicker by an
unknown radius, especially the coating polymer which was the main reason for this phenomenon.
Moreover, there are also some other different reasons for polydispersity from that of DLS. Since
AFM measures the sample after it was dried on the substrate, the drying process on the mica
might also affect the height. The selection of substrate plays a significant role in imaging by
AFM because the nature of the substrate influences the formation of nanoparticles and solvent.
For example, mica, which is a very hydrophilic substrate, may cause the nanoparticles to form
agglomerates and form a layer of water.”® The nature of the nanoparticle surface also has an
effect on the distribution of the particles on the substrate. When the quantum dots were dried on
a substrate, the interactions between quantum dots and between a quantum dot and the substrate
may cause various effects on dispersing of nanoparticles, especially during and after evaporation.

Also, when the PAA dried out on the substrate, it will shrink to different sizes losing water from
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the solution. It is interesting to note that the main effect is the random placement of quantum dots
on the substrate and particle agglomeration.*® Moreover, the exposure time and the dilution of
the solution may cause the different formation of quantum dots.”® All of the above possibilities

result in the polydispersity measured with atomic force microscopy.

D
o
1

6]
o
1

N
o
1

N
o
1

Number of particles
w
o
L

[any
o
1

0 4 8 12 16 20 24
Particle height/nm

Figure 2.5 AFM size distribution data is plotted with respect to the frequency of appearance (288

guantum dots were measured). The average size was 8 £ 5 nm.

2.3.3 Transmission electron microscopy
TEM plays an important role in characterization of nanoparticle size distribution. To
compare the white QDs with a standard QD, the size of commercial QDs in toluene was also
measured by TEM under the same conditions. Figure 2.5 (a) shows a TEM image of commercial
QDs. As can be seen from the image, the quantum dots dispersed well on the grid and the

contrast can be used for quantitative analysis. Figure 2.5 (b) indicates the size distribution

27



histogram by measuring 300 particle diameters from (a). The average size was determined by
fitting the size distribution to a Gaussian function (black curve) and then calculating the mean
and width of the distribution. TEM measurements yielded a nominal diameter of 3.1 nm with a
standard deviation of 0.5 nm. This observation is in good agreement with the size provided by

the manufacturer (around 3.3 nm).
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Figure 2.6 (a) TEM image of commercial QDs in toluene, (b) Size distribution histogram from (a), which
was obtained by measuring 300 particles diameter. The black curve is the fitted Gaussian curve. The

average core size is 3.1 + 0.5 nm.

In order to determine the size of the core which has an effect on the optical properties, TEM
was performed on the CdSe/ZnS-PAA samples and the CdSe-PAA samples. Figure 2.6 (a) shows
the TEM image obtained from the CdSe/ZnS-PAA sample, while (c) shows the image of CdSe-
PAA. It was found that QDs dispersed well on the grids, thus, the size and shape of the quantum
dot cores can be determined. Within the resolution capabilities of the microscope, the sizes of

QD before and after coating the shell of ZnS did not differ significantly from each other.
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Figure 2.7 TEM images of (a) the CdSe/ZnS-PAA samples and (c) the CdSe-PAA samples. (b) (d) Size
distribution histograms from (a) (c), which were obtained by measuring 300 particles diameter of each
sample. The black curve is the fitted Gaussian curve. The average size of CdSe/ZnS-PAA was 2.4 + 0.3

nm, while the average size of CdSe-PAA was 2.4 £ 0.5 nm.

To compare the sizes of both sets of QD quantitatively, the statistical results from analyzing
Figure 2.7 (a) and (c) are shown in (b) and (d), respectively. The size distribution histograms

were obtained by measuring 300 particle diameters of each sample. We also fitted the size

29



distribution by a Gaussian curve (black curve) and then calculated the average size. The average
size of CdSe-PAA was 2.4 nm with a standard deviation of 0.3 nm, while the average size of
CdSe/ZnS-PAA was also 2.4 nm with a different standard deviation of 0.5 nm. Since PAA
consists of C atoms, H atoms and O atoms which have low electron density, it would not be
visible by TEM. The shell of ZnS with high electron density should be visible, so it was expected
that the QD with the shell should be larger than that of the QD without the shell. However, the
result turned to be different from expected. This observation can be attributed to the thin layer of
ZnS which is difficult to be viewed by low-resolution TEM. It is worth noting that the size of our
white QD is smaller that of commercial one which results in the differences of optical properties

due to quantum confinement.

2.4 Conclusions

The size distribution of quantum dot samples prepared by our collaborators has been
measured with by three different technique, namely dynamic light scattering (DLS), atomic force
microscopy (AFM) and transmission electron microscopy (TEM). DLS is a rapid, non-
destructive and valuable technique for particle size determination, which gives information of
hydrodynamic diameter of the nanoparticles in liquid samples. (Figure 2.8) Compared with the
average size of AFM or TEM, the average size of DLS was much larger (shown as the blue
circle). Also, in a water solution at neutral pH, PAA is an anionic polymer, which makes PAAS
have the ability to absorb a large amount of water and swell to many times their original volume.
Therefore, dynamic light scattering analysis conducted on the CdSe/ZnS-PAA solution yielded a
nominal diameter of 41 nm with a polydispersity index of 0.28. Because DLS measures a
scattered-light intensity-weighted average particle hydrodynamic diameter (Z-averageg),”® AFM

was performed to measure the sample after it was dried on a flat substrate. The quantum dots in
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their dried form varied in size between 2 and 10 nm. As shown in Figure 2.8 (the green circle),
AFM measures the total diameter including the CdSe core, the shell of ZnS and the thickness of
the polymer. AFM yielded a nominal diameter of 8 nm with a standard deviation of 5 nm, which
lies between the value of DLS and TEM. TEM measures the electrons transmitted through the
specimen which affected by the electron density of each atom, so polymer coating cannot be
viewed due to the lack of scattering contrast (Figure 2.8 the red circle). The optical properties of
a semiconductor are critically controlled by its band gap between conduction band and valence
band which related to the size of the quantum dot cores. Based on this unique property, we need
to know the real size of the core, so the sample of CdSe-PAA solution without the shell of ZnS
was also studied by TEM. The distributions of particle diameters are approximately Gaussian.
Furthermore, TEM vyielded a nominal diameter of 2.4 nm, which revealed the size of CdSe cores

and CdSe/ZnS.

DLS
(Hydrodynamic diameter)

Figure 2.8 The different diameters measured by three different techniques. The blue circle shows the
hydrodynamic diameter measured by DLS, the green circle shows the total diameter measured by AFM
and the red circle shows the diameter measured by TEM.
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In short, TEM is useful for giving a measurement of the core which measures the electrons
transmitted through the specimen. AFM gives the size of the quantum dots in their dried form by
measuring the forces between the tip and sample, while the hydrodynamic diameter of quantum

dots measured in solution can be estimated easily using DLS.
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3 Optical properties of the CdSe/ZnS QDs

3.1 Overview

In this chapter, the optical (spectroscopic) properties of the white CdSe QDs are described.
The absorption and emission spectra of the QD solutions were measured using conventional
steady-state optical spectroscopy. By using these characterization tools, the size and
photoluminescence quantum yield of QDs were determined. In order to identify contributions
from individual CdSe QDs to these ensemble average measurements, the fluorescence of
samples were also measured using dual-view single-molecule fluorescence microscopy. The
properties of the white QDs were compared with standard commercial QDs, using all of the same
methods of analysis. The results gathered from the three different kinds of measurements are

presented and discussed in this chapter.
3.2 Materials and methods

3.2.1 Materials
The samples (white QDs solution and CdSe-PAA solution) were provided by Dr.Jane Goh
from University of Toronto. The Lumidot CdSe/ZnS (core-shell type commercial QDs, 532 nm)
in toluene and Rhodamine 6G (R6G) were purchased from Sigma-Aldrich. The calibration
spheres for single molecule fluorescence microscopy (FluoSpheres amine-modified microspheres,
0.2 pum, yellow-green) were obtained from Molecular Probes, Inc. The microscope coverglass

(22 mm x 22 mm) was obtained from VWR.

3.2.2 Sample Preparation

Before each measurement, the white QD solution was diluted in ultrapure Millipore water to

an appropriate concentration and filtered with a 0.2 um syringe filter. The solution was then
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sonicated for 10 minutes to break up any possible aggregates. The commercial QD solution was
diluted in toluene to an appropriate concentration. R6G was dissolved in ethanol and calibration
spheres were dissolved in ultrapure Millipore water. The thin films for emission spectra were
prepared by adding 50 pL of white QD solution or commercial QD solution on glass coverslips
and evaporating under ambient condition for 30-40 minutes depending on the density of particles
required. Any residual solution was dried with a stream of nitrogen. For single molecule
measurements, 100 pL of solution was deposited onto microscope coverglass by spin-casting
(1000 rpm for 1 min). The coverglass was thoroughly cleaned using methanol and treated in a
Harrick benchtop plasma cleaner under "High" for about 30 minutes to ensure a clean surface.
Control samples of coverglass cleaned in this way showed no fluorescent impurities when
imaged under conditions typically used for single molecule measurements. These general

methods were followed for all samples.

3.2.3 Instrumentation

Ensemble absorption and fluorescence measurements

All the measurements were performed in ambient conditions with aerated solutions.
Absorption spectra were recorded with a Varian Cary 500 Scan UV-Vis-NIR spectrophotometer
and fluorescence emission spectra were recorded with a PTI Quantamaster spectrofluorometer.
All the ensemble measurements were carried out in 10 mm x 10 mm quartz cuvettes. For
fluorescence measurements, the solutions were excited at 410 nm and emission spectra were
collected in the 430 — 750 nm range. Absorption spectra were collected in the 350 — 700 nm

range.
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Figure 3.1 A schematic diagram of the home-built single-molecule fluorescence microscope used in these
experiments. The 405nm laser is used for illumination of a sample of CdSe QDs. The emission from these
is imaged onto a CCD camera through a beam splitter (DV2) which is used to separate the blue
fluorescence (455 nm to 485 nm) and the red fluorescence (535 nm to 565 nm). The schematic of the

commercial beam light splitter (DV2) is shown in Figure 3.2.
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Figure 3.2 Schematic illustration of the emission path of a commercial beam splitter (DV2). The
fluorescence emission from the sample can be separated by a DV2 filter cube which consists of a dichroic
filter and a pair of emission filters. The separated light is adjusted by a group of mirrors and passes

through an imaging lens to the CCD photodetector.

Figure 3.1 shows a schematic diagram of the home-built single molecule microscope used
in these experiments. The lens focuses the excitation light onto the back focal plane of the
microscope objective lens. The resulting fluorescence is collected back through the objective
lens, passes through the dichroic and emission filters and is finally directed onto the CCD

photodetector.

Briefly, the samples of CdSe QDs were excited by a 405 nm diode laser (Dragon Lasers).
The beam was passed through a neutral density filter to attenuate laser power to 0.5 mW
(measured at the microscope objective lens), and focused with a 500 mm focal length lens
(Thorlabs Inc) onto the back focal plane of a 60X, 1.4NA oil-immersion objective lens (PlanApo,

Nikon). Excitation light was reflected onto the sample by a 410 nm long-pass dichroic filter (a
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DRLP 410 nm, Omega Optical). After excitation, the emission fluorescence from the sample was
filtered through two 410 nm long-pass filters and one 405 nm notch filter (Omega Optical) to
remove residual excitation light. Fluorescence collected from the sample also passes through a
commercial beam light splitter (DV2) to separate the blue fluorescence (455 nm to 485 nm) and
the red fluorescence (535 nm to 565 nm). The schematic of the emission path of DV2 is shown
in Figure 3.2. The separated light is adjusted by a group of mirrors and passes through an
imaging lens. The split image was directed to the CCD photodetector (Cascade 512F,
Photometrics). CCD pixels were binned to ensure maximum possible signal-to-noise ratio in the
collected emission images. Operation of the CCD photodetector and data analysis was carried
out through MetaMorph imaging software, which allows for both static and time-resolved
imaging. The single molecule measurements were done at 0.2 kW/cm? illumination intensity
and the data were collected with 300 ms exposure time. The CCD pixels were binned to 2 in

order to increase the signal-to-noise ratio.

For the characterization of the collected emission images, yellow-green fluorescent polymer
spheres (505 nm absorbance / 515 nm emission) were used to determine which side was the red
channel and blue channel. Figure 3.3 displays the image collected from the CCD camera and the
emission spectrum of the calibration spheres. Based on the emission spectrum, the integrated
intensity in the range between 455 nm to 485 nm is zero. In the other words, there is no emission
fluorescence expected in the blue channel which corresponds to the left side of the image. Based
on this, it can be determined that the left and right side of the image corresponds to the blue

channel and the red channel, respectively.
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Figure 3.3 (a) The single particle fluorescence image of yellow-green fluorescent polymer spheres (505
nm absorbance / 515 nm emission). There is no fluorescence in the left side of the image. (b) The
emission spectrum of yellow-green fluorescent polymer spheres. The integrated intensity in the range

between 455 nm to 485 nm is zero.

The two image channels are slightly offset from each other, and it is important to be able to

exactly determine the same position in each channel. To locate the same quantum dot in both
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channels, fluorescent polymer spheres which have a broad emission spectrum were used. Figure
3.4 indicates the fluorescence signal can be viewed in both channels. The labelled areas indicate
the two corresponding spots originated from an identical spot on the sample slide. The position
of each individual spot in both channels was labelled in an area of 4 x 4 pixels (400 nm x 400
nm). Based on 127 pairs of corresponding spots, we determined that the corresponding positions

were offset by 171 pixels in the X-axis and by 16 pixels in the Y-axis.

Blue channel (455 nm-485 nm) Red channel (535 nm-565 nm)

Figure 3.4 The fluorescence image of white fluorescent polymer spheres. The fluorescence signal can be
viewed in both channels. The labelled areas indicate the two corresponding spots originated from an

identical spot on the sample slide.
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3.3 Results and discussion

Figure 3.5 shows an optical photograph of the white QD solution in water under ambient
and UV light (254 nm) illumination. The solution is yellow under ambient conditions, while it
yields a white emission under UV-visible light illumination which displays the wide spectral

range of luminescence.

Figure 3.5 Photograph of nanoparticle solutions under ambient and UV visible light illumination

provided by Dr. Jane Goh.

3.3.1 Absorption spectra

Figure 3.6 shows the UV absorption spectra for the commercial QDs in toluene and the
white QDs in water. The spectrum and the absorption peak of the commercial quantum dots were
in good agreement with data provided by the manufacturer. Compared with the commercial

quantum dots with a sharp absorption edge at 510 nm, a broad edge centered at about 440 nm
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can be found in the absorption spectrum of the white quantum QDs. The broadening of the
spectrum can be attributed to a number of factors, such as the shapes of QD, the size
distributions and surface defect states.®® As mentioned previously, the absorption and emission
feature are highly dependent on the size of nanoparticle. Small changes in the size will cause
differences in optical features. The size of commercial QDs is around 3.3 nm according to
manufacturer. The band gap of a semiconductor is defined as the energy difference between the
highest level of the valance band and the lowest level of the conduction band.>? Due to the effect
of quantum confinement, the band gap gets larger with reducing the core diameter of
nanoparticles. Therefore, the absorption spectrum of the white quantum dots should be blue-
shifted to a shorter wavelength based on the average core size of 2.4 nm determined from the

TEM measurements.
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Figure 3.6 Absorption spectra of the commercial QDs and white QDs. The black line is the absorption

spectrum of white QDs, while the red line is the absorption spectrum of commercial QDs.
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Furthermore, the absorption spectra can also be used to obtain the mean size of the QDs
based on the position of the absorption edge. Light with lower energy photons than the band gap
energy cannot be absorbed, while that with higher energy photons can be absorbed. The
minimum photon energy for electron transition from valance band to conduction band will
correspond to the band gap energy.>® The simplest way to estimate the band gap energy of the
semiconductor is taking the wavelength when the sample starts to absorb light. To accomplish
this, a straight line was fit to the absorption shoulder and the x-axis intercept was taken to be the
band gap energy. Using this approach, the spectral data for the commercial QDs gave an x-axis
intercept of 543 nm with an uncertainty of 9 nm, while the x-axis intercept of the white quantum
dots was at 490 nm with an uncertainty of 2 nm. The observed wavelength can be converted to

band gap energy by the following equation:
E= ¢ 3.1
}\ ( " )

where E is the band gap energy in J, h is Planck constant in J's, ¢ is the speed of light in m/s and
A i1s the measured wavelength in m. The calculated band gap energy of commercial QDs and
white QDs were 2.28 + 0.03 eV and 2.53 + 0.01 eV, respectively. White QDs show a larger
energy band gap than that of commercial QDs. The size-dependent band gap is one of the most
important parameter of semiconductors, so there are several methods found by people to
investigate this phenomenon.®>*** However, it should be taken into consideration that different
models might yield slightly different sizes. Baskoutas et al and his group developed a model
based on the effective-mass approximation (Equation 1.1) which shows good agreement between

theoretical predications and experiment data.” The calculation in this model can be followed by:
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[ B -+ Ui(ri)l $i(r) = Eidi(r)), i=eh (3.2)

2m
E(r) = Egap + (Ec + Ep) (3.3)

where mj is the effective electron (hole) mass, p is the momentum , U;(r;) is the self-consistent
effective field, Egqp is the band gap of bulk material. The effective band gap is given by Equation
3.3. Based on their results and our calculated band gap energy, we estimated the average particle
size of commercial QD is 3.2 = 0.2 nm which agrees well with the data provided by the
manufacturer. The average particle size of white QD is around 2.4 £ 0.1 nm. The size
measurement by TEM indicates the commercial QD was 3.1 = 0.5 nm and the white QD with the
shell was 2.4 = 0.3 nm, which were in good agreement with what was found from the absorption

spectra.

As described in the size measurement by TEM, it could not be determined whether there
was a shell of ZnS capping the core. Therefore, the absorption spectrum of CdSe-PAA sample
was also analyzed under the same conditions to see whether there was any difference from
CdSe/zZnS-PAA sample. Figure 3.7 shows the absorption spectra of white QDs before (red line)
and after (black line) overcoating with ZnS. The measurements show the absorption edge
underwent a small red-shift after overcoating, an effect that has previously been assigned to the
transition of excitons into the ZnS matrix.”>*® The high surface-to-volume ratio of small QDs
results in a more evident red shift where the leakage of the excitons into the shell is more
sensitive to the quantum confinement.® In other words, the effect of quantum confinement will
decrease with the increasing of the size of QD, therefore, the absorption edge will red-shift to
longer wavelengths. Based on the cut off wavelength of the CdSe-PAA sample (482 + 3 nm), we

calculated the band gap energy was 2.57 + 0.01 eV using the same method described above,
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which corresponds to an estimated average particle size of 2.2 + 0.1 nm. This number was
slightly smaller than the data found using size characterization tool TEM, 2.4 = 0.5 nm. As noted
previously, the size of CdSe-PAA showed no significant difference with the size of CdSe/ZnS-
PAA. However, it was suggested from the absorption spectra that there was a thin shell of ZnS

coated CdSe core whose thickness is around 0.2 nm.
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Figure 3.7 Absorption spectra of white QDs (CdSe/ZnS-PAA) and before overcoating with the shell of
ZnS (CdSe-PAA). The black line is the absorption spectrum of white QDs, while the red line is the

absorption spectrum of CdSe-PAA. The inset shows the band edge absorption.

3.3.2 Photoluminescence spectra

Quantum confinement also affects the fluorescence emission spectra. The emission feature
can be tuned by adjusting the size of nanoparticles. Increasing the size of particles causes the
emission peak to shift to longer wavelengths.
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To compare the emission spectrum with the commercial QDs, both results are shown in
Figure 3.8. The black lines show the emission spectrum of QDs dispersed in solution, while the
red lines show that of QDs deposited and dried onto a glass slide. The emission data from the
commercial QDs (Figure 3.8 (a)) also matched well with the published values and show a narrow
photoluminescence (PL) spectrum with a pronounced peak at 530 nm. In contrast, the PL
spectrum of the white QDs covered nearly the entire visible spectrum with a main peak at around
480 nm and a weaker peak at around 580 nm. We attribute the blue emission to the band gap
emission which occurs by the direct recombination between the edge of conduction band and
valance band. Therefore, this emission feature has a strong dependence on the size of QDs. On
the other hand, the red emission peak resembles deep trap emission which occurs by the indirect
recombination between an electron or a hole trapped in a state that is energetically in the middle
of conduction band and valance band.?? These trap states have been attributed to defects in their
crystalline structure and missing or extra atoms which can be easily found in small QDs due to
the high surface-to-volume ratio.?® A red-shift between the spectra of the white QDs measured in
solution and thin film is also readily apparent. The drying process can contribute to the red-shift
of the emission spectrum due to the interaction between QDs in close proximity and between a
quantum dot and substrate. This interaction leads to the aggregation of QDs followed by a
decrease of quantum confinement.>” Therefore, the band gap emission, which corresponds to the
blue peak, is red shifted to a longer wavelength, while the weaker peak arising from the deep trap
recombination remained at the same wavelength after it was dried on the glass. Broad emission
spectrum of white QDs was observed and compared to the narrow spectrum of the commercial

QDs.
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Figure 3.8 (a) Photoluminescence spectra of the commercial QDs in solution (black line) and thin film
(red line) with a peak at around 530 nm. (b) Photoluminescence spectra of the white QDs in solution

(black line) and thin film (red line).
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In order to observe the influence of the thin shell of ZnS on the emission features, the
concentration of both CdSe-PAA and CdSe/ZnS-PAA samples were adjusted to match the
absorbance at the excitation wavelength. Figure 3.9 (a) shows the absorption spectra of CdSe-
PAA and CdSe/ZnS-PAA and the arrow points to the matched wavelength at 410 nm which was
used for excitation. Moreover, the absorption spectra almost overlap each other. Therefore, one
can reasonably assume that they have the same concentration and can absorb the same number of
photons. Figure 3.9 (b) shows the photoluminescence spectra of white QDs before (red line) and
after (black line) overcoating with the shell of ZnS. The PL intensity was much lower in the
absence of the shell, likely because of the large amount of surface defects which can cause an
overall decrease in fluorescence emission. In other words, the stronger emission with ZnS shells
was the result of quenched surface states by the shell. Moreover, this has been achieved owing to
the wider band gap of ZnS (Figure 3.10). As a higher band gap material, ZnS not only passivates
the surface bonds and prevent the photooxidation but also supply a better confinement of
photogenerated electrons and holes inside the core of CdSe.*® To determine the influence of
the shell on the position of peaks, the PL spectra were normalized (Figure 3.9(c)). In contrast to
the PL spectrum of the capped particles, the red emission was stronger than the blue emission
arising from the band gap emission. The strong red emission could be attributed to the
recombination of photons trapped in the deep trap states which lies between the edge of
conduction band and valance band resulting in a lower energy emission. It is worthwhile noticing
that the number of trap states arising from the surface increases with a reduction of the diameter
of QDs.”+?® Due to the high surface-to-volume ratio, the broad emission spectrum of CdSe-
PAA was dominated by the deep trap emission from the surface defects with a weak band gap

emission. Overcoating with the shell of ZnS prevents the lower energy emission by passivating
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the non-radiative sites from the crystalline surface, resulting in an enhanced band gap emission
and a quenched deep trap emission. After overcoating, the PL spectrum is dominated by a

stronger blue band edge emission and a weaker red emission.
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Figure 3.9 (a) Absorption spectra of the CdSe/ZnS-PAA sample (black line) and the CdSe-PAA sample
(red line). (b) Photoluminescence spectra of the CdSe/ZnS-PAA (black line) and CdSe-PAA (red line)
with a same excitation wavelength at 410 nm. (¢) Normalized photoluminescence spectra of those two

solutions.
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Figure 3.10 Band gap diagram of CdSe and ZnS.

3.3.3 Quantum yield

Fluorescence quantum yield is defined as the ratio of the number of fluorescence photons
emitted by a molecule to the number of photons absorbed. The easiest way to estimate the
quantum yield of a fluorophore is by comparison with standards of high known quantum vyield.
According to their absorption and emission spectra, we need to choose a reference dye that emits
in a similar region of the spectrum for reliable comparison. For the measurements described here,
Rhodamine 6G (R6G) which emits in the visible region and exhibits a known quantum vyield of
94% in ethanol was selected as the reference.®® Moreover, to calculate the quantum yield using
this approach, the absorption and emission spectra of both the standard sample and test sample
are needed. The estimated quantum vyield of CdSe/ZnS-PAA was compared to that of
commercial QDs and CdSe-PAA. Figure 3.11 displays the absorption and emission spectra of
R6G, CdSe/ZnS-PAA, CdSe-PAA and commercial QDs.
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As shown in the absorption spectra (Figure 3.11 (a)), the arrow points to the matched
wavelength where the optical density of R6G was equal to that of commercial QDs. Both of the
sample and reference have the same absorbance (never exceed 0.1 to minimize any re-absorption)
at the same excitation wavelength. Therefore, 500 nm was chosen for excitation of R6G and
commercial QDs. The emission spectra measurements were performed under the same
instrumental condition and recorded in the range from 510 nm to 800 nm for calculating the
integrated fluorescence intensity in that area. Finally, the quantum yield was calculated using the

following equation:

I ODR n2

Q= QREEH—ZR (3.3)

where Q is the quantum yield, I is the integrated intensity, OD is the optical density and n is the
refractive index of the solvent. R refers to reference which was R6G. The calculated quantum
yield of commercial QDs was 42% which agreed with the value provided by the manufacturer.
For the white QD samples, the emission spectra were measured at an excitation wavelength of
450 nm where both the QDs and the R6G solution had the same absorbance. The integrated
fluorescence intensity was calculated under the area of the emission spectra curve. In comparison
to the commercial QD, the estimated quantum yield of CdSe/ZnS-PAA is much lower with a
value of 5% using the same method. The sample of CdSe-PAA had the lowest quantum yield of
less than 1%, which was in good agreement with what we observed in the fluorescence emission
spectra. The addition of a ZnS shell enhanced the quantum yield as well by quenching the

surface defects.
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Figure 3.11 (a)(b) The absorption and emission spectra of R6G and commercial QDs. (c)(d) The

absorption and emission spectra of R6G and CdSe/ZnS-PAA. (e)(f) The absorption and emission spectra
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3.3.4 Dual-view single molecule fluorescence microscopy

To explore the behavior of each single QD, single-molecule fluorescence measurements
were carried out using a home-built microscope. The dual-view SM fluorescence microscope is

described in the Materials and Methods section (3.2.3).

Typical fluorescence images of commercial QDs and white QDs are shown in Figure 3.12.
Single quantum dots were distinguished from the background and aggregates by locating spots
which displayed ON and OFF states (photoblinking) under continuous illumination. The
numbered, labelled areas in Figure 3.12 indicate the two regions that come from an identical
single QD on the sample slide, and the arrow points at an aggregate that did not exhibit
photoblinking. In the images of commercial QDs, there were no aggregates detected. However,
aggregates in the white QD samples were occasionally observed. This agrees with the ensemble

PL spectrum measured for thin film which indicates the samples tend to aggregate on the glass.

No fluorescence signal was observed in the blue channel for commercial QDs and no
fluorescence signal was observed in the red channel for the white QDs. Compared with the
fluorescence image of commercial QDs, there is no red emitting QD in the CdSe/ZnS-PAA
sample since we could not find any fluorescence signal of an individual spot in the red channel.
According to this point, the white QDs did not consist of a mixture of different color emission

QDs, but rather each dot emitted “white” light, similar to what is shown in Figure 3.8b.
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Figure 3.12 Fluorescence images of commercial QDs (a) and white QDs (b). The left and right sides of
image corresponds to the blue and red channels, respectively. The labelled areas with number indicate the
two corresponding single molecule spots in an area of 4 x 4 pixels (400 nm x 400 nm) that originated

from an identical single quantum dot on the sample slide. (Excitation intensity = 0.2 kW/cm?)

A simple and useful approach to data analysis in SM fluorescence experiments is to
generate plots of fluorescence intensity of an individual molecule as a function of illumination
time (a fluorescence time trajectory). Those plots can be made by measuring the fluorescence
emission intensity from a spot over a series of sequential images, and can provide fundamental

insight into the basic photophysical behavior of the fluorophore. For example, the photoblinking
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of a single QD can be observed by measuring the fluctuation of the intensity against time.

Moreover, it can be used to distinguish aggregates from individual QDs.
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Figure 3.13 Typical single-molecule fluorescence time trajectories of a commercial QD (a) (b) and white
QD (c) (d), respectively. Measurements were done at 0.2 kW/cm? illumination intensity. (b) (d) show 100

frames of the total 500 frames in (a) (c).

A typical fluorescence time trajectory, corrected for background, is presented in Figure 3.13
(@) (c). Note, this is still a two-colour experiment, in which both the blue and red emission can be

monitored simultaneously. The background image used for correction purposes was taken in a
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region close to the QDs. The intensity of each individual QD in each frame of both channels was
measured in an area of 4 x 4 pixels (400 nm x 400 nm), as shown in Figure 3.12. The traces show
repeated appearance and disappearance of fluorescence emission which is referred to as
photoblinking. There has been interest in investigating the mechanism of QD photoblinking in
recent years. Two main mechanisms for QD blinking have been proposed, but the mechanism of
this phenomenon is still unclear so far.®*** A commonly believed mechanism is known as Auger
ionization. In the excitation process, an electron will be excited into the conduction band leaving
a hole in the valance band. Multiple photons can be absorbed with multiple photoexcited
electron-and-hole pairs resulting in an ejection of either an electron or a hole to form a charged
QD owing to their strong interaction energy. At this point, if a new exciton formed, it will decay
through fast, non-radiative recombination instead of radiative fluorescence because this non-
radiative recombination occurs much faster, which forms the first type of off-state. After this
process, the QD returns to the normal fluorescence cycling.**® The other theory has been
proposed to have a “hot” photoexcited electron trapped in the trap states on the QD surface,
where the off state is not associated with a decreased fluorescence lifetime. Instead of relaxing
back to the ground state, the electron goes to the trap state on the surface of the QD and returns
to the ground state through non-radiative pathways.’?®® This kind of photoblinking can be
suppressed by applying an external potential. In this case, the trap states will be occupied by the
external electrons instead of the electrons from the core of quantum dots. One can control the
second blinking mechanism by adding a wider band gap shell, such as ZnS or CdS, to passivate
potential trap states on the surface. In both cases, nanocrystals tend to switch between on and off
states more often (“flickering”) resulting in an increase off states occurrences at higher intensity.

According to Li’s work, QDs that contain a large number of surface trap states undergo
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flickering instead of blinking at high illumination intensities.” As shown in the single-molecule
fluorescence time trajectories for the commercial QDs and white QDs, both of them flicker with
unclear on and off states, especially the white QDs. The phenomena are more clearly reflected in

Figure 3.13 (b) (d), which shows only 100 frames of the total 500 frames in (a) (c).

Frequency spectra (histograms) of fluorescence intensity for both types of QDs were
measured over 500 frames and were fitted with two Gaussian peaks as shown in Figure 3.14 (a)
(b). The binning size of histograms and the position of two Gaussian peaks were obtained by
Origin. Both sets of QDs showed a relatively clear off-states and a long tail in the on-state
histogram due to significant intensity fluctuations. This is the best method to analyze the on-state
as the ratio between the on-state peak area and the total area under the curve, but in this case, it is
difficult to find a clearly defined on-state. As is shown in time trajectory Figure 3.13 (b) (d), the
single QD kept flickering with no clear on-states and off-states. The signal-to-noise ratio (SNR;
defined as the mean signal corrected for background divided by the standard deviation of the
signal) of the commercial QDs was higher than that of white QDs, which also had a broad
distribution of on-state intensity values. Qualitatively, we observed here that the mean
fluorescence intensity of commercial QDs is much higher than that of white QDs. This could be
attributed to the different capping materials. The commercial QDs were capped with ZnS and
further modified with hexadecylamine (HDA) which is a common stabilizer in nanoparticle
synthesis. HDA plays a significant role in the enhancement of the fluorescence emission by
passivating the surface defects for QDs.®® As described in the synthesis process of white
guantum dots, all the white QDs were grown in a nanotemplate made of PAA. PAA, as a
polymer, has a longer molecule chain than the HDA chain which results in a thicker layer of

capping materials. The size measurement by AFM reveals there was a thick layer of PAA
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compared to the result obtained by TEM. The lower fluorescence intensity of white QDs is the

result of several trap states on the surface.
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Figure 3.14 Fluorescence intensity histogram fitted with two Gaussian peaks, (a) commercial QDs and (b)

white QDs, indicating the on-state and off-state separately.

To quantitively calculate the average intensity of the on-states, a threshold separating on
states from off states was set at two and a half times the standard deviation of the average
background counts by assuming that the distribution of background counts follows the Gaussian
distribution. Under these conditions, one is 98% sure that the values which were larger than the
threshold were from on-states. These values were used to find the average intensities. Based on
this method, 212 commercial QDs and 329 white QDs (424 and 658 corresponding spots) were
measured from each sample slide. As shown in Figure 3.15 (a), (c), 182 (86%) of commercial
QDs and 274 (83%) of white QDs measured were individual quantum dots and the remaining
objects were aggregates. If the quantum dots did not exhibit fluorescence intermittency or the

intensity decreased systematically as a function of time, they were considered to be aggregates.
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Figure 3.15 (b) (d) show two histograms of single-molecule intensities (in CCD counts, taken
under the same illumination and image collection conditions) measured for commercial QDs and
white QDs, respectively. The distributions show approximately Gaussian distributions. From the
distribution, the average intensity of commercial QDs (10487 + 4032 CCD counts) is much
higher than that of white QDs (1083+274 CCD counts). This observation is in good agreement
with the quantum yield (commercial QDs of 42% and CdSe/ZnS-PAA of 5%). For each
individual QD, the intensity of commercial QD was approximately ten times of that of white QD.
In other words, as they absorbed nearly the same quantity of photons, the number of photons
emitted by commercial QDs was ten times of that of white QDs. Based on the ensemble PL
spectra of two kinds of QDs deposited on the glass, the integrated intensity was calculated for
each range. The calculated intensity ratio between blue channel and red channel of commercial
QDs was 1:17, while that of white QDs was 2:1. Therefore, for commercial QDs, the intensity in
the blue channel was expected to be around 600 CCD counts, while the intensity of white QD in
red channel was expected to be around 500 CCD counts. This indicates that the integrated
intensity of commercial QDs in blue channel and that of white QDs in red channel was too low
to be distinguished from the background (shown in Figure 3.12). That is why we could not

observe any fluorescence signal in blue channel for commercial QD and red channel for white

QD.
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Figure 3.15 (a) (c) Pie charts showing distributions of the different types particles for commercial QD and
white QD samples, respectively. (b) (d) Histograms of single-molecule fluorescence intensities for
commercial and white QDs. The distributions show an approximately Gaussian distribution. In both cases,

the excitation intensity was 0.2 kW/cm?.

It is worth noting that there was a distribution of fluorescence intensities for a particular
sample at the same experimental condition. This can be attributed to several different effects,
including the laser and the structure of QD itself. The distribution of the intensity of the laser is
not same through the cross section of the beam which obeys a simple Gaussian distribution. The

highest intensity is in the center and the intensity is lower at the edge of the beam. Therefore, the
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molecules experienced different intensities of excitation which results in a distribution in
emission intensities. This effect is accounted for by measuring QDs from many different areas in
the illumination area, but it can cause some distribution in observed properties. The other factor
arising from the laser is related to the probability of photoexcitation. This probability depends on
the angle between transition moment vector of the fluorophore and electric vector of the light.
The absorption of light is maximum when the transition moment is aligned with electric vector,
while the light cannot be absorbed when the transition moment is perpendicular to electric vector.
Thus, not every molecule will absorb (and hence emit) equally. This effect is more important in
organic molecular systems than in QDs, so the effect is expected to be minimal here. Another
factor which might be responsible for this distribution was the inhomogeneity of the coating
material of quantum dots. As noted in previous chapter, the uneven thickness of the coating
material and drying process results in different formations of QDs which in turn results in a

difference in the degree of excitation and emission of each individual molecule.

3.4 Batch-to-batch variability

Another batch of white quantum dots was analyzed using all of the measurements described
above in order to assess reproducibility. The details of the analysis are shown in Appendix 1. The
results gathered from the size distribution measurements and optical property measurements of
both batches of white QDs are summarized in Table 3.1, and compared with the first batch of
samples measured. From the size distribution tests, it was observed that new samples were
slightly more aggregated than the original batch, with a larger intensity-weighted average size
and higher polydispersity index compared with the original. However, the presence of aggregates

did not have a significant influence on the optical properties. In conclusion, the second batch of
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white QD showed no significant difference with the first batch excepted for a slightly higher

amount of aggregation.

Table 3.1 The results obtained from the two batches of white QD samples under the same

instrument and sample preparation conditions.

Batch 1 Batch 2
DLS 41 nm (PDI: 0.28) 87 nm (PDI: 0.64)
AFM 8+ 5nm 6 £ 3 nm
TEM 2.4+ 0.3nm ----
Bandgap eneray 2.53+0.01eV 245+ 0.01eV
(2.4+ 0.1 nm) (2.6 £ 0.1 nm)
Quantum yield 5% 10%
SM fluorescence 1083 + 274 942 + 187
intensity CCD counts CCD counts

3.5 Conclusions

In this work, the optical properties of the white emitting QDs were studied at the ensemble
and single molecule level, and compared with a commercial control sample. It was found that
white QDs showed a relatively broad absorption spectrum indicating polydispersity and the
average size derived from the band gap energy was 2.4 £ 0.1 nm, which is in good agreement
with that reported by TEM in Chapter 2. The emission spectra of the white QDs showed a blue

emission peak with a weaker red emission peak resulting in white light emission. The blue
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emission peak was caused by the band gap emission and deep trap states on the surface were
shown to be responsible for the red emission peak. It was also observed that the white QDs had a
lower quantum vyield of 5% in comparison with the QY of commercial QDs of 42%. From the
single molecule experiments, the emission fluorescence of commercial QDs was only found in
the red channel, while the emission of the white QDs was only found in the blue channel. It has
been shown that the ensemble broad emission is the result of single CdSe nanocrystals which can
emit over the entire “white” spectrum, instead of from a mixed population of blue and red
emitters. Moreover, in agreement with the ensemble quantum yield measurements, white QDs
were found to emit with lower intensity fluorescence compared to commercial QDs. Batch-to-

batch variability was minimal for these samples.
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4 Conclusions and Future Work

White light emitting semiconductor quantum dots, synthesized through aqueous chemistry
under ambient conditions, have been characterized in this work to determine the mechanism of
“white” fluorescence. The size measurements revealed that the resulting QDs exhibited
polydispersity due to the presence of coating polymer (PAA) and had cores around 2.5 nm in
diameter. The white fluorescence was the result of the combination of strong blue emission
arising from the band gap emission and a weaker red emission arising from the deep trap states
on the surface. It was also observed that the quantum vyield of white QDs was lower in
comparison to commercial QDs with a narrow emission spectrum. Single molecule fluorescence
measurements were carried out using a home-built microscope to explore the behavior of single
quantum dots. Compared with commercial QDs, there were no red-emitting QDs in the white
QDs sample which proved that the samples were not mixture of different color emission QDs.

With the superior optical properties of high photostability, these materials can be used to
build light-emitting diodes which have the potential to replace traditional incandescent and
fluorescent lamps. In preliminary attempts, white QDs in chloroform were used to fabricate thin
films and light emitting diodes by spin-coating. The device assembled layer-by-layer was placed
in a custom-built plastic holder and each pixel was tested for the electro-optical properties under
an additional voltage ranging from 0 to 15 V. While emission was observed for some devices,
they emitted light for only a very short period before short-circuiting, and further study is needed
to explore the best conditions for fabrication of LEDs. This observation might be attributed to
several possible factors, in terms of the thick polymer layer that surrounds the semiconductor,
thickness of each layer, impurities and choice of cathode material. Polymer removal might be

achieved through plasma treatment without significant change to the optical properties of the
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QDs. For the emission spectra, the spectrum of white QDs deposited in a film did not differ
significantly from the one dispersed in solution, which indicates that the color output could be
maintained when fabricated into LEDs. Therefore, this kind of white QDs are a good candidate
in solid state applicants though significant improvements in device functionality and efficiency
are required in the future work.

For single molecule studies, it was found that individual QDs exhibited flickering between
on and off states which suppress the overall emission efficiency. Further studies of photoblinking
as a function of different experimental conditions are required in order to improve the overall
efficiency of fluorescence emission. Flickering / blinking in single-molecule experiments
depends strongly on the excitation intensity and different coatings surrounding the
semiconductor.®®®” To explore these effects further, carrying out experiments at different
excitation intensities is required. White QDs might show different rates of photoblinking,
providing insight into the role that excitation plays in driving blinking dynamics. Moreover, the
surface conditions have a significant influence on the photophysical properties due to the high
surface-to-volume ratio.®® The enhancement of fluorescence emission efficiency should be
observed by adjusting the thickness of a shell of ZnS and varying capping ligands attached to the
surface of QDs. However, the improvements of overall emission efficiency should not eliminate
the deep trap states responsible for the white emission, which will be the principal challenge in
the future work.

It has been shown that quantum dots can play a useful role in optimizing the photon
conversion efficiency of dye-sensitized photovoltaic devices by amplifying photon collection in
the visible range because of their broad absorption spectrum.®® The white QDs investigated in

this thesis might be useful in these types of applications. In order to use a semiconductor as a
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mediator in solar cells, several further studies are important. Prior to the fabrication of dye-
sensitized solar cells (DSSC), white QDs might be functionalized with another surface ligand to
make them disperse well in electrolyte, meanwhile, to verify the optical properties with the new
capping ligand and the stability in the presence of ions is also necessary. To confirm the
application of white QDs as a mediator, the external quantum efficiency (EQE) measurements
should be performed through the collection of current and voltage measurements for I-V curves.
Furthermore, the mechanism of energy transfer from QD to sensitizer dye should be determined

in order to enhance cell efficiency.
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Appendix 1:
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Figure A-16. Analysis of nanocrystal size by DLS. The size distribution was shown by intensity and the

Z-average diameter is 87 nm with a polydispersity index of 0.64.
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were measured). The average size was 6 + 3 nm.
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Figure A-18. Absorption spectrum of white QDs. The cut off wavelength of the white QD was 506 nm
with an uncertainty of 3 nm which yield a band gap of 2.45 + 0.01 eV. Based on the model developed by

Baskoutas’s group, we estimated the average core diameter of white QD was 2.6 £ 0.1 nm
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Figure A-19. Photoluminescence spectra of white QDs in solution (black line) and thin film (red line).
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Figure A-20. The absorption (a) and emission (b) spectra of R6G (black line) and white QDs (red line).
The arrow points at the matched wavelength which was used for excitation. At the same excitation
wavelength of 450 nm, the emission spectra of R6G and white QDs were obtained in the range from 460
nm to 800 nm and the calculated quantum yield was 10%.
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Figure A-21. (a) Typical single molecule fluorescence time trajectories of a white QD. (b) 100 frames of
the total 500 frames in (a). Measurements were done at 0.2 kW/cm? illumination intensity. The intensity
of the individual QD in each frame of both channels was measured in an area of 4 x 4 pixels (400 nm x

400 nm).
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Figure A-22. Frequency of fluorescence intensity histogram fitted with two Gaussian peaks.
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Figure A-23. (a) Pie chart showing distributions of different types particles for white QD sample. (b)
Histograms of single-molecule fluorescence intensities. The distribution shows an approximately
Gaussian distribution and the average on-state intensity was 942 + 187 CCD counts. The excitation

intensity was 0.2 kW/cm?,
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