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Abstract

Semiconductor quantum dots (QDs), particles several nanometers in diameter, exhibit

a range of interesting properties that arise as a result of quantum confinement. Among

these characteristics is photoluminescence, and unlike traditional fluorophores, the flu-

orescence emission of QDs is characterized by broad absorption and narrow emission

that is a function of the particle diameter. This allows high spatial resolution to be

achieved using spectral discrimination of closely spaced QDs.

We propose applying QD fluorescence as a tool to sense the local environment of

the QD to achieve wide-field sensing at high-resolution. Many factors influence QD

fluorescence from the growth parameters and choice of ligand to the local environment

of the QD post-fabrication. Nano-materials in the local QD environment influence

the spectral or temporal characteristics of the QD fluorescence and detecting these

changes enables identification of the location and motion of these nanoparticles with

resolution on the order of a few nanometers.

We have fabricated aqueous colloidal cadmium telluride QDs, experimenting with

the choice of thiol-based ligand to influence the chemistry in post-processing and

application. A wide range of tools have been used to characterize the spectral and

physical properties of the QDs. We have successfully immobilized QDs on a variety of

substrates including glass coverslips, silicon and indium tin oxide coated glass. Immo-

bilization is achieved with even and consistent distributions of QDs on the substrate
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by using self-assembly of the colloidal particles onto substrates functionalized with

N1-(3-Trimethoxysilylpropyl)diethylenetriamine (DETA) silane.

Using fluorescence microscopy we have successfully demonstrated the detection

of interactions between QDs and other nano-materials including green fluorescent

protein and gold seed particles, demonstrating that QDs may, in principle, be used

in a wide field microscopy technique to sense nano-materials with high resolution.
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Chapter 1

Introduction

Semiconductor quantum dots are being studied by many scientists in a wide range of

fields because their unique properties and highly tunable characteristics make them

attractive for many applications. QDs are being used to make lasers [1–3], as single

photon emitters [4, 5], for quantum computing [5–8], as logic gates [7, 9], as tran-

sistors [10, 11], as optically addressable storage devices [11], in detectors [11–13], as

fluorescent tags in medical imaging [14–16], in QD-sensitized solar cells [17–20], for

light emitting diodes [21,22] and other applications still being dreamed up.

Since the fabrication of the first colloidal QDs in the early 1980s [23–26] fabrica-

tion techniques have continued to evolve. The primary fabrication methods continue

to be organometallic techniques, but many researches are working on aqueous synthe-

sis techniques which are easier, safer and greener for the environment [27–30]. There

are trade-offs between the two methods. Organometallic techniques tend to produce

high quality QDs with good crystallinity, narrow size distributions and high fluores-

cence quantum yield, but at the expense of a more dangerous fabrication procedure

using toxic organic solvents and high temperatures. Aqueous fabrication procedures,

besides providing a safer fabrication method, produce more repeatable results [30].

Repeatability is important to scaling QD synthesis for large-scale application of QDs.

Aqueous QDs are inherently water soluble and therefore compatible for biological
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applications as well.

One of the many interesting properties of QDs is their photoluminescence, charac-

terized by broad absorption and narrow emission, they have a striking advantage over

traditional fluorophores. The narrow absorption of fluorophores requires a new laser

for each fluorophore that will be used in a given system and their broad emission

requires careful selection of spectrally spaced fluorophores. Furthermore, relative

to traditional fluorophores, QDs are very bright, have high absorption cross sec-

tions, high quantum yield, high resistance to photobleaching and are highly tunable

over a wide range of emission wavelengths, making them an appealing alternative in

fluorophore-based applications.

QDs, like all fluorescing molecules, exhibit fluorescence intermittency. Under con-

tinuous excitation, the fluorescence blinks on and off between a bright, fluorescing

on-state and a dark state, in which there is no fluorescence emission. The fluores-

cence may be influenced by the fabrication parameters such as the choice of ligand

and the fabrication pH or the addition of a semiconductor shell. Post-fabrication,

the QD fluorescence is sensitive to its environment. We can take advantage of this

sensitivity by monitoring for changes in QD fluorescence as a signal of local changes

in the QD environment. We have developed a method of immobilizing individual

QDs on a substrate, which allows for fluorescence characterization of individual QDs.

By adding nano-materials to the substrate and measuring changes in QD blinking

dynamics we employ the QDs as nanosensors in a high resolution, wide-field optical
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microscopy technique capable of indicating the location and motion of other nano-

materials present.

Chapter 2 begins with a brief history of QDs and the evolution of our fabrication

procedure for aqueous CdTe QDs. In Chapter 3 the characteristics of our QDs are de-

scribed with particular emphasis on the photoluminescence emission properties. The

fluorescence characteristics are used to illustrate the importance of a controlled growth

environment and the effect of ligand and pH on QD emission. After fabrication and

characterization of the QDs, we transition toward QD applications. The application

of QDs to nanoscopy must start with their immobilization on a substrate. Chapter 4

describes the substrates used and the preparation methods required, followed by a

description of the deposition techniques. The charge stabilized nature of QDs makes

consistent, uniform distributions of QDs across a surface difficult to achieve. This task

was accomplished using self-assembly of a silane on the substrate to functionalize the

substrate, followed by self-assembly of the QDs on the silane. QDs covalently bond to

the silane resulting in firmly immobilized QDs. Before we can study the response of

QDs to nano-materials, we first characterize the fluorescence of the QDs immobilized

on the substrates in Chapter 5. Chapter 5 also includes a discussion of QD response

to water as a control case before studying QD-nano-material interactions. Finally,

nano-materials are deposited on the substrates with the QDs in Chapter 6, with the

goal of looking for changes in the QD fluorescence. We end with final remarks and a

discussion of the myriad directions in which this work may proceed.
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Chapter 2

Fabrication of Colloidal Quantum Dots

2.1 A Brief History of Quantum Dots

Louis E. Brus is credited with the discovery of quantum dots (QDs) while work-

ing at Bell Labs in the early 1980s [31]. Though other groups, including those of

Henglein, Grätzel and Thomas published papers on fluorescing micro- to nano-sized

colloidal crystallites a couple years prior to Brus’ 1983 paper, the primary distinction

in assigning credit is possibly associated with the size of the nanoparticles which were

intentionally achieved [23–26]. Henglein’s cadmium sulfide (CdS) colloidal particles in

1982 were 37 nm in diameter, large by today’s standards for QDs [32]. Dung, working

with Grätzel in 1982, achieved aqueous CdS crystallites of 4 nm [23]. In 1983, Brus’

work was focused on the study of the properties and novel characteristics arising from

quantum confinement in small aqueous crystallites of CdS on the order of 3.5 nm [33].

These crystallites are now referred to by a myriad of names including ‘zero dimen-

sional semiconductor nanostructures,’ [34] ‘three dimensionally confined semiconduc-

tor quantum wells,’ ‘colloidal luminescent semiconductor nanocrystals,’ [35] ‘artificial

atoms’ [11,36–38] or simply nanocyrstals, nanoparticles and perhaps, most popularly,

quantum dots, a term that was coined by Reed in 1988 [34]. There are some subtle

differences in how these terms are used; some more typically with respect to quan-

tum wells, others more frequently to refer to colloidal nanocrystals. Semiconductor

quantum wells fabricated by molecular beam epitaxy and exhibiting characteristics
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of carrier confinement, which give QDs their unique and widely applicable behavior,

have been studied since 1974 [34, 39, 40]. At the time, quantum confinement could

only be achieved in one or two dimensions. It was not until later that advances in mi-

crofabrication techniques and equipment enabled Reed’s work on ‘zero-dimensional’

quantum wells and his coining of the term quantum dot. Though Reed worked on

quantum wells, the term quantum dot is now most frequently associated with col-

loidal nanocrystals. QDs are now fabricated using a wide variety of techniques and

using a broad range of semiconductor, metallic and organic materials. The focus of

our research is the fabrication, characterization and application of aqueous colloidal

semiconductor quantum dots and specifically cadmium telluride (CdTe) QDs.

Over the past 20 years, colloidal QDs have been fabricated primarily using an

organometallic method that employs organic solvents at high temperatures [41–45].

The organometallic method produces good quality QDs with high crystallinity, nar-

row size distributions and high fluorescence quantum yield, but the process is difficult,

dangerous and expensive. Our work has been focused on refining a fabrication proce-

dure for aqueous QDs, which have the benefit of being a safer, less toxic, “greener,”

and less expensive process. Furthermore, aqueous QDs are simpler to fabricate with

fewer steps, and do not require special equipment for maintaining high temperature

and pressure. The results are more repeatable than for the organometallic method,

making aqueous synthesis more easily scalable, an important element in the large-

scale synthesis for broad commercial application of QDs. Aqueous QDs are inher-
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ently water-soluble and thus biocompatible, an important requirement for many of

their applications. The size distribution tends to be wider for QDs synthesized in

water, but smaller QDs can be obtained by aqueous methods as compared to tra-

ditional organic solvent techniques and the size distribution can be reduced using

post-processing techniques [46–48].

2.2 Evolution of Our CdTe QD Fabrication Procedure

The fabrication method used in our lab for aqueous cadmium telluride quantum

dots was introduced by Dr. Zhengtao Deng, whose earliest work on aqueous CdTe

QDs was in 2007 [49]. Deng’s procedure was modeled after processes developed in

the Weller lab by Gao [50], Gaponik [47] and Shavel [51]. The team on the 1998 Gao

paper on CdTe nanocrystals drew their procedure from Rogach’s 1996 work, which is

a frequently cited work on the fabrication of aqueous QDs. Rogach, also of the Weller

lab, credits initial work in the Weller lab by Vossmeyer in 1994 on CdS QDs [52] and

Rajh’s work with Nozik in 1993 on CdTe QDs [53]. Rajh’s 1993 work is similar to the

procedure Rogach helped develop in that they are fabricating aqueous CdTe QDs and

using thiol-based (-SH) ligands; however, their procedure is more complicated than

current methods. In Rajh’s method, the cadmium (Cd) source is cadmium sulfate

(CdSO4), which is reacted with hexametaphosphate (HMP) at 0 ◦C. The tellurium

(Te) source is prepared by the reaction of aluminum telluride (Al2Te3) with sulfu-

ric acid (H2SO4) to produce hydrogen telluride (H2Te). The H2Te is titrated with
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sodium hydroxide (NaOH) at 0 ◦C to produce sodium hydrogen telluride (NaHTe),

which is finally added to the reaction vessel at 0 ◦C under argon (Ar) [53]. The process

is involved, with a more complex process for obtaining the tellurium precursor and

requires the maintenance of the system at 0 ◦C; however, the basic idea of starting

with a Cd source in the presence of a thiol-based stabilizer in a deaerated reaction

vessel has been preserved. The 1994 Vossmeyer procedure for the fabrication of CdS

nanoclusters, though dealing with slightly different materials, is simpler. Rogach

merged Vossmeyer’s procedure with that of Rajh. In the Vossmeyer procedure, the

Cd source is cadmium perchlorate (Cd(ClO4)2 · 6 H2O), which is added to deionized

(DI) water in the presence of a thiol-based stabilizer. The pH is adjusted by the ad-

dition of NaOH and finally the hydrogen sulfide (H2S) source is added under vigorous

stirring [52]. To this point the reaction is carried out at room temperature. After all

precursors have been combined, Vossmeyer experiments with nanocluster growth at

room temperature and with heating to 100 ◦C. Rogach uses the same Cd 2+ source as

Vossmeyer, but produces his Te 2 – precursor by the same method as Rajh, a method

that is still used by many today. The mixing of precursors proceeds almost identically

to that of Rajh, though Rogach deaerates his system with nitrogen (N2) gas instead

of Ar. Finally, as Vossmeyer experimented with heating and the concentration of the

S 2 – source, Rogach varies the heating, timing, the amount of Te 2 – and the choice of

thiol-containing stabilizer he uses.

The 2002 Gaponik paper referenced by Deng establishes the appropriate timing
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and the 100 ◦C reaction temperature in addition to identifying the appropriate pH

range for a variety of thiol-based ligands, and otherwise uses an identical process to

that of Rogach [47]. The 2006 Shavel paper adds further refinements to the fabrication

of aqueous CdTe QDs, recommending a decrease in the ratio of Cd 2+ to thiol from

1:2.43 found in preceding works to 1:1.3, and an increase in pH for the thioglycolic

acid (TGA) ligand from the 11.2 - 11.8 range indicated by Gaponik, to pH 12 [51].

The Deng procedure is similar to the procedure that has been refined up through

Shavel in terms of the timing, process and experimental apparatus, but differs in the

preparation of precursor materials. The Cd 2+ source Deng recommends is cadmium

nitrate tetrahydrate (Cd(NO3)2 · 4 H2O), an alternative to the commonly used anhy-

drous cadmium chloride (CdCl2), which is less stable and readily absorbs moisture

from the air. In terms of the Te 2 – source, as Green acknowledges, the use of H2Te is

more complicated to work with because gas is more challenging to manipulate than

liquid chemicals and to produce the H2Te requires the added complication of titra-

tion of Al2Te3 with H2SO4. The H2Te itself is dangerous to work with because it is

a highly toxic and flammable gas [54]. Deng instead chose to follow Zhang’s much

simpler, safer and “greener” method for obtaining a Te 2 – source through the reaction

of sodium borohydride (NaBH4) powder with Te powder in DI water [55]. The molar

ratio recommended by Deng for Cd 2+:−SH is 1:1.5-2.0, which is slightly higher than

Shavel’s recommendations, but well below that of early experiments. The pH for the

ligand 3-mercaptopropionic acid (MPA) is 11, though as Gaponik illustrated, pH is
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a ligand dependent value and neither Shavel nor Gaponik did work with MPA for

comparison.

The detailed fabrication procedure as developed by Deng and refined by myself

in our lab is described in Appendix B and is identified as method 1. Eventually my

work transitioned from QD fabrication to focusing on their application, particularly

with respect to QD immobilization on a substrate and studies of their fluorescence

characteristics, especially as affected by nano-materials. Further experiments to ex-

plore QD dependence on various fabrication parameters in an effort to fabricate QDs

in a reproducible fashion is the focus of another graduate student in the Mansuripur

lab, Pick Chung Lau. I include Lau’s detailed fabrication procedure in Appendix B

as well, identified as method 2.

The changes to the procedure made by Lau start with the preparation of the Te 2 –

precursor. The same precursor materials are used, however instead of allowing the

reaction between the NaBH4 and Te powder to proceed slowly in a beaker of ice water

over 8 - 24 hours, Lau carries out the reaction at room temperature, extracting the

NaHTe source after exactly 30 mins. The goal is to achieve greater control over the

quantity of Te 2 – that the reaction has produced in order to be certain that the same

amount of Te 2 – is added to the fabrication flask for each batch. The expectation

is that more repeatable results may be achieved with the faster reaction and precise

reaction time as opposed to the slow reaction and wide 8 - 24 hr reaction window

suggested by Deng. Carrying out the reaction at room temperature is not documented
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in the literature, however others, including Zou and Aldeek, have used variations on

the reaction of NaBH4 and Te that involve carrying out the reaction at 80 ◦C for

30 mins under continuous flow of N2, instead of cooling the solution and waiting

many hours [27, 48].

Additionally, Lau modified the procedure by adjusting the pH of the fabrication

solution after adding the Te 2 – precursor to the Cd 2+ and thiol already in the flask.

The addition of Te 2 – changes the pH of the solution and the pH of the solution

affects growth rate; Lau’s goal is to set the pH once all precursors have been combined.

Throughout the literature the pH is adjusted prior to the addition of the Te 2 – though

the reason is unclear. Adding NaOH after Te 2 – results in a more violent reaction

between the reactants compared to when adding NaOH before the Te 2 – ; this may

be reason enough for the order observed in the literature. The pH of the fabrication

solution decreases over the course of the growth process, but the initial solution pH

plays an important role since pH affects QD growth rate and photoluminescence.

When working with MPA as a stabilizer, Lau typically adjusts the pH of the solution

to 8.8 - 9.0 by dropwise addition of NaOH after addition of the Te 2 – precursor.

The pH plays a significant role in the growth kinetics and the photoluminescence

properties of the final QDs and the optimal pH depends on the choice of stabilizing

ligand; however, there is some disagreement on optimal pH values. In the Deng

method, our typical pH is about 11, though it was often not measured and was

adjusted instead, by dropwise addition of NaOH until the solution turned from opaque
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to transparent. There is general agreement that the optimal pH is ligand dependent,

but a significant range over which “optimal pH” is defined. Looking only at values

published for MPA, the pH values that produce the “best,” “most stable” QDs with

the “greatest photoluminescence” include pH 6.5 [56], 8.0 [57], 8.4 [58], 9.0 [27, 55],

9.73 [30], 11 [46], 11.9 [48], 12 [59] and 12.2 [28]. While there is disagreement on the

appropriate pH to use in QD fabrication, likely due to variations in the properties

being measured to determine the “best” and “most stable,” the one thing that can be

agreed upon is that the higher the pH, the more rapidly QD growth proceeds. Rogach

describes the trade-off: nanocrystals grown more rapidly will have more defects in

their crystalline structure and thus have more surface traps; those grown more slowly

(lower pH) have more sulfur incorporated into the crystalline structure and are thus

more susceptible to oxidation [59].

There is a third method described in Appendix B that identifies recent refine-

ments to the procedure that Lau and I have developed together based on updates

in the literature [28, 48]. The modifications focus on the molar ratio of precursors,

controlling the Te 2 – precursor preparation and the pH during QD growth. These

changes, described in method 3, are included because they have resulted in signif-

icant improvements to the quality of the QDs as measured by photostability and

photoluminescence quantum yield. Most of the experimental results presented here

did not use these QDs.

Beyond the modifications to the fabrication procedure, continual improvements
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have been made to the fabrication apparatus toward equipment that provides a con-

trolled environment in an effort to achieve reproducible results. Method 1 in Ap-

pendix B is described as it was first taught to me by Deng using the original fab-

rication equipment. This method continued to be used with the new experimental

apparatus described in method 2 prior to Lau taking over the QD fabrication. The

improved fabrication apparatus proved to have a significant affect on the quality and

repeatability of the QDs. Methods 1 and 2, as described in the Appendix, differ

in both experimental apparatus and fabrication procedure; throughout the text, ref-

erence to the method will refer to the procedure and which fabrication apparatus

was used will be specified. It is important when comparing QD characteristics and

the results of various QD experiments described below to recognize that the fabrica-

tion process varied and thus the characteristics and experimental outcomes may be

expected to vary based on the fabrication parameters.

2.3 Initial Efforts in Core-Shell QD Fabrication

In an effort to improve the photostability of QDs and decrease their fluorescence

intermittency, shells can be grown over the semiconductor cores, producing what are

known as core-shell (CS) QDs. The addition of a shell may take a variety of forms. A

semiconductor shell can be added to the core, this is a second material with a different

bandgap from the core material. Choice of shell material determines the type of QD

that results, for example if a larger bandgap shell material is used the QD is Type-I
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and the electron and hole of the exciton are confined to the core. Alternatively, the

shell material may be selected such that there is overlap between its bandgap and

the bandgap of the core material and either the valence band or the conduction band

of the shell material falls within the bandgap of the core material. This is a Type-II

QD and in this case there is spatial separation between the electron and hole when

the QD is excited. In addition, when selecting a shell material, it is important to

consider the crystalline lattice mismatch between the core and shell materials, a large

difference in the size of the crystalline lattice between the two materials will give rise

to defects in crystalline structure and a lower quality QD. For our CdTe core and

CdS shell materials, the lattice mismatch is relatively large at 11.5% [60]; there is a

trade-off between the passivation of the CdTe core and development of recombination

sites that arise from defects in the crystalline structure.

In addition to, or as an alternative to the growth of a semiconductor shell, the

choice of ligands used to stabilize the QD growth also essentially function as a shell

on the QD core. It has long been established that thiol-based ligands function par-

ticularly well in reducing the fluorescence intermittency. In part, the sulfur in the

thiol group interacts with the QD semiconductor material forming cadmium-sulfur

complexes that serve as a shell around the QD core [60,61].

In an effort to fabricate more photostable QDs for use in nanoscopy applications,

some attention has been given to the addition of semiconductor shells on the CdTe

cores. Initial efforts I pursued were modeled on Wang’s 2009 paper on non-blinking
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QDs, which uses a graded shell to reduce blinking [45]. In that work, CS QDs are

fabricated in organic solvents. My efforts intended to create an analog for aqueous

QDs by following a similar procedure of alternately adding Zn and Te shell materials,

transitioning from the CdTe core toward a ZnTe outer shell in order to avoid an

abrupt bandgap change. The details of the procedure are included in Appendix B

as well, though the fabrication technique was not pursued after Lau took over QD

fabrication.

Lau also pursued the growth of CS QDs, and chose to follow Peng’s work, adding

thioacetamide (CH3CSNH2) as a sulfur source to the crude core-only QD solution

and allowing shell growth to proceed [60]. The details of the procedure are included

in Appendix B and most results discussed in subsequent chapters use MPA-capped

CS QDs, denoted CdTe/CdS + MPA, fabricated using his method.

2.4 Ligand Variations in QD Fabrication

The fabrication procedures described above, with details in Appendix B, are spe-

cific to our most common practice and materials. We have at various points experi-

mented with different ligands in addition to MPA including thioglycolic acid (TGA)

and cysteamine (CA). In these cases, the procedure is identical except for a change

in pH of the fabrication solution appropriate to the ligand. The literature has sig-

nificant discussions on the appropriate pH for a given ligand, the effect of pH on

the growth rate and the effect of pH on the luminescence characteristics of the end
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product [46–48, 50, 55, 59, 62, 63]. The most frequent metric we used to set the pH

for a given ligand is the dropwise addition of NaOH to the initial precursor solu-

tion containing Cd 2+ and ligand until the solution turns from opaque to transparent.

There are exceptions when the pH is increased beyond this transition point for spe-

cific experiments, those results will be discussed. The reasons for selecting one ligand

over another and the effects on QD characteristics and the role of the ligand in the

chemistry of QD post-processing will be discussed in ensuing chapters. All the lig-

ands we work with, shown in Table 2.1, are thiol-based, they each contain an -SH

functional group. It has been well established in the literature that thiols successfully

stabilize QDs and reducing blinking. The functional group on the other end of the

ligand is either a carboxyl group (-COOH) in the case of MPA and TGA, or an amine

group (-NH2) as in CA. In aqueous solutions, the carboxyl group dissociates, releasing

H+ ions in solution and leaving negatively charged stabilized QDs with carboxylate

ions, -COO – . In contrast, the amino group of CA accepts H+ ions to become -NH+
3 ,

resulting in positively charged stabilized QDs.

To indicate the QDs and the ligand used in a given experiment the following

nomenclature will be used: core-only QDs are indicated as CdTe + MPA. Core-shell

QDs with a CdTe core and a CdS shell with MPA as the stabilizer, will be indicated

as CdTe/CdS + MPA. The shell material follows a slash after the core material.
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3−Mercaptopropionic acid HSCH2CH2COOH
(MPA)

Thioglycolic acid HSCH2COOH
(TGA)

Cysteamine NH2CH2CH2SH
(CA)

Table 2.1: Table of ligands. All ligand options we explored are thiols, they contain
an -SH functional group; these are well established in the literature to aide in QD
stability and to reduce blinking. The length of each ligand and the functional group
on the other end of the ligand determine the chemistry in fabricating and using QDs
in further applications. MPA and TGA each have a carboxyl group, resulting in
negatively charged stabilized QDs. CA has an amine functional group, the QDs are
positively charge stabilized in solution.
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Chapter 3

Quantum Dot Characterization

A wide range of tools are used to characterize QDs. Their spectral properties may

be characterized with a spectrofluorometer or spectrophotometer and to a limited ex-

tend with a fluorescence microscope in that there are multiple emission filters, but the

spectral resolution of the samples is limited to the width of the filters. Physical charac-

teristics may be determined using atomic force microscopy (AFM), scanning electron

microscopy (SEM) and transmission electron microscopy (TEM). Other modes on

the AFM such as electrostatic force microscopy (EFM) enable characterization of the

electrostatic properties of the QDs. Fluorescence microscopy enables the characteri-

zation of the temporal behavior of the QD fluorescence as well as characterization of

the distribution of QDs on the substrates.

A description of the instruments used for QD characterization may be found in Ap-

pendix C. In the sections below, I describe the properties that can be measured using

the various tools listed and the specific characteristics of our CdTe and CdTe/CdS

QDs, with some discussion on core-only verses CS and the effect of the choice of

ligand.
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3.1 Photoluminescence, Photoluminescence Excitation and Absorp-
tion Spectra

When a quantum dot is illuminated by a source with sufficient energy, the QD

is excited and an exciton is created. When the electron and hole created by the

excitation photon recombine radiatively, a photon with less energy than the original

photon is emitted. This process is alternately called fluorescence, luminescence or

photoluminescence. It is this process, and the photoluminescence characteristics of

QDs that lead to references to QDs as artificial atoms [11,36–38]. QDs are collections

of several hundred to a few thousand atoms. The small diameter of these particles,

typically 1 - 10 nm, results in the excited electron-hole pair experiencing quantum

confinement. Quantum confinement is the effect felt on these charge carriers when

the de Broglie wavelength is larger than the diameter of the QD and the result

is interesting properties that differ from the behavior of the same semiconductor

as a bulk material. For CdTe at room temperature, the de Broglie wavelength is

23 nm [64], large compared to the typical diameter of our QDs, 2-8 nm. Among

the unique properties that arise as a result of quantum confinement are the discrete

absorption and emission characteristics analogous to those observed in atoms. QDs

have often been cited as valuable alternatives to molecular dyes and the traditionally

used fluorescent tags [57, 65–72] because, among other reasons, QDs fluoresce with a

wide absorption spectrum and narrow emission profile. This characteristic is useful

because the broad absorption spectra allow many different quantum dots to be excited
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with a single broadband excitation source and the narrow emission allows spectral

resolution of closely adjacent QDs (in physical and spectral space). The spectral

properties of QDs that permit resolution of closely adjacent QDs in physical and

spectral space is the cornerstone of their application to nanoscopy.

As such, measuring these photoluminescence and absorption characteristics are

often some of the first measurements to be made in characterizing QDs. The typical

spectral characterizations include acquiring the photoluminescence (PL) spectrum,

the photoluminescence excitation (PLE) spectrum and the UV/vis absorption spec-

trum. Each of these measurements may, in principle, be made on individual QDs;

however, in the data presented below, all reported data are ensemble measurements

made on QDs in bulk solution. These spectral characteristics depend on the QD di-

ameter and in any bulk collection of QDs there will always be a distribution of sizes.

There are techniques, such as size-selective precipitation [42,47,52,59], to narrow the

size distribution of QDs present in solution and thus narrow the measured spectral

linewidth of the sample; however, for our applications, an exceptionally narrow dis-

tribution has not been necessary and measurements are made on the bulk sample

as extracted from the fabrication solution and hydrothermally cooled. The ensemble

linewidth, without any post-processing, becomes an indication of the uniformity of

growth. Other characteristics of the spectral profiles, such as lack of symmetry, long

tails, or secondary peaks also provide information regarding the quality of the QDs.

Since much of the work completed involved refining the QD fabrication procedure,
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spectra are presented which represent various stages of this process. It is clearly

illustrated in the spectral data that improvements in the fabrication apparatus or

adjustments to the fabrication pH, for example, produced marked improvements in

the luminescence properties of the QDs including higher peak intensities, narrower

emission peaks, greater symmetry and no secondary peaks in the tails.

3.1.1 Photoluminescence Spectra

In photoluminescence spectroscopy, the sample is excited at a specific excitation

wavelength and the spectral profile of the sample emission, its fluorescence or photo-

luminescence (PL), is recorded. The PL spectra can depend on both excitation wave-

length (photoluminescence excitation (PLE) spectroscopy) and excitation intensity

and can provide clues about the sample composition, the material bandgap, possi-

ble defects or impurities in the sample and recombination mechanisms of the charge

carriers i.e., how many recombine non-radiatively versus the number contributing to

the PL emission. In the case of QDs, the emission wavelength is an indication of the

QD size. A QD can be approximated by a spherical square well in which the energy

levels are inversely proportional to the square of the well diameter. Decreasing QD

size causes increasing confinement of the electrons and therefore an increase in QD

energy. The smallest QDs fluoresce on the blue end of the spectrum and as they grow

in diameter the fluorescence emission shifts to longer wavelengths. The bandgap for

bulk CdTe is 1.474 eV [73], which translates to 841 nm. We typically use an excita-

tion wavelength of 365 nm, which may not necessarily fall at the absorption peak for
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Ligand Time to Peak PL λ of Peak PL Time to 600 nm

CA 4 hrs 570 nm >12 hrs
MPA 6 hrs 600 nm 5 hrs
TGA 10 hrs 595 nm 12 hrs

Table 3.1: Summary of observations on PL spectra shown in Figures 3.1 for CdTe
QDs stabilized by three different ligands. MPA is selected as the ligand to stabilize
the majority of the QDs we fabricated because MPA-capped QDs grow most rapidly.
There is support in the literature for MPA’s effectiveness and we observed no con-
traindications with the use of MPA as compared to other ligands and a quick turn
around in the fabrication process enables us to focus our efforts on QD applications.

a given batch of QDs, but the absorption spectrum for QDs is very broad. The PL

emission intensity depends on the excitation wavelength; however, the wavelength of

emission is independent of excitation wavelength. The typical emission range for the

QDs we study is between 525 and 705 nm. This translates to an energy range of 2.36

to 1.76 eV, substantially larger than the bandgap for bulk CdTe. The QDs that emit

in the red range have smaller bandgap energies because the QDs are larger and thus

the electrons are less tightly confined. Eventually, as the QD continues to grow in

size, the properties begin to resemble those of the bulk semiconductor and quantum

confinement effects no longer play the dominant role.

As discussed in section 2.4, the ligands we work with include the thiol-containing

stabilizers cysteamine (CA), 3-mercaptopropionic acid (MPA) and thioglycolic acid

(TGA). The choice of ligand plays a significant role in the PL properties of the QDs,

illustrated in Figure 3.1. The three graphs in Figure 3.1 show PL spectra for three

different batches of QDs, all grown using the original fabrication procedure, method 1,

but each using a different stabilizing ligand.
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(a) Cysteamine (CA) (b) 3-Mercaptopropionic Acid (MPA)

(c) Thioglycolic Acid (TGA)

Figure 3.1: Comparison of photoluminescence (PL) spectra of CdTe QDs fabricated
with different stabilizing ligands: (a) cysteamine (CA), (b) 3- mercaptopropionic acid
(MPA) and (c) thioglycolic acid (TGA). All three sets were fabricated by method 1
using the original fabrication apparatus. For these PL spectra, the excitation wave-
length is 365 nm. The spectra lead to the conclusion that MPA is the best ligand to
work with to efficiently produce QDs on a shorter time scale in order to focus less on
the fabrication process and more on QD applications since MPA-capped QDs reach
peak PL quickly and grow to larger sizes in a shorter growth time.
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(a) (b)

Figure 3.2: Left: QD growth rate as a function of time. The initial stages of growth
are fast and the rate slows with time. Growth rate is a function of ligand, pH,
temperature and other factors. This curve is meant to provide a generic impression
of the trend in QD growth, though not the specific time line. This curve is from a
batch of CA-capped CdTe QDs, which tend to grow more slowly than MPA-capped
QDs. Right: Change in QD PL intensity as a function of growth time. The PL
emission intensity climbs rapidly to peak intensity, however the emission intensity
falls again and levels off as the QDs grow larger in size.

In the growth of QDs from the point at which the solution first starts exhibiting

fluorescence, there is an increase in fluorescence emission intensity to a peak intensity

followed by a decrease in emission intensity as the growth continues. Neither the

growth rate nor the increase in PL intensity change linearly. The growth rate is faster

in the early stages and eventually levels off, such that, for example, in Figure 3.1b,

growth has ceased after 8 hrs and there is no change in either size or emission intensity

after an additional 40 hrs. Figure 3.2a illustrates the growth rate as a function of

time for a particular batch of CA-capped QDs. Not every batch follows exactly this

rates, this plot is intended to provide an idea of the general trend in QD growth rates.

Figure 3.2b illustrates how the PL emission intensity changes as the QDs grow. The
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emission intensity rapidly increases but falls off quickly and eventually levels off.

Observations drawn from the spectra in Figure 3.1 are summarized, in part, in

Table 3.1. The wavelength of the peak intensity is ligand and pH dependent. Assum-

ing identical semiconductor materials and fabrication procedures, QDs stabilized by

CA-ligands reach peak PL most rapidly, in just 4 hours, but also do not grow as red,

which is to say as large. CA-capped QDs appear to reach a point where either the

QDs stop growing or growth proceeds very slowly. We did not explore the effect the

availability of precursor materials may have on the continued growth rate of QDs; a

shortage of precursor materials may help explain a slower growth rate at longer times.

MPA-stabilized QDs also reach peak PL relatively quickly and continue to grow

very rapidly. MPA-stabilized QDs reach the arbitrary reference point at 600 nm

emission prior to reaching peak PL, after only 5 hrs growth time. MPA-capped

QDs reach a slightly longer emission wavelength than the CA-capped sample; though

exhibit a similar cessation or dramatic slowing in growth after 8 hrs.

TGA-capped QDs, by contrast, grow much more slowly than the previous two

examples. TGA-stabilized QDs take longer to reach peak PL, 11 hrs, and longer to

reach an emission wavelength of 600 nm, over 34 hrs. By contrast to CA- or MPA-

stabilized QDs, there is evidence in TGA-capped samples of steady continued growth

beyond 8 - 10 hrs, with non-negligible increments in emission wavelength at 12, 20

and 24 hrs, which was not observed in the previous examples.

The results described in the samples above, from the early stages of refining our
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QD fabrication apparatus and procedure, guided many of the ensuing experiments.

MPA is the ligand of choice in most of our experiments based on the rapid growth

rate of MPA-stabilized QDs. While there are cases where we are interested in in-

vestigating the effect the choice of ligand may have on the behavior of the QDs in

a given experimental scenario, on the whole we are looking for a repeatable fabri-

cation procedure with consistent results. This focus enables us to apply the QDs

to investigate other questions such as their immobilization on a given substrate and

their interaction with nano-materials. We selected MPA as the ligand to work with

because the fabrication time is shortest so we can achieve quick turnaround on a new

batch of QDs, but there is also support in the literature to suggest that there are

additional reasons that MPA makes a better choice as a stabilizing ligand than TGA.

TGA-capped QDs may be more susceptible to photodegradation and have a smaller

accessible range of PL emission wavelengths [48, 59]. Arguments can be made for

other ligands being superior and in future work I think it would be valuable to take

our results and investigate if the results are affected by a different choice of ligand.

The caveat to the observations described above, derived from early QD fabrication

experiments and the original fabrication apparatus, is that not only is the quality of

the end product affected by the growth environment, but the photoluminescence has

repeatedly been demonstrated to be a function of pH, both of the solution in which

the QDs are fabricated and also of the solution in which the QDs are diluted at the

time of the measurement. The observations made here are on QDs as fabricated.
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The pH was not typically an experimental parameter we varied as the QDs produced

are sufficiently bright for the applications we are interested in exploring; a thorough

study of the effects of pH was unnecessary. That said, recent changes to the fabrication

procedure, described as method 3, include an increase in pH from pH 9 to 12 due to

sources indicating a faster growth rate and an increase in QD stability at higher pH,

as discussed in Chapter 2.

To appreciate the effect of fabrication environment and solution pH, the data

presented in Figure 3.1 is presented in the same form for QD samples grown with

greater control over the environmental parameters in Figure 3.3. As in the first

case, all samples are fabricated following method 1, but now there are changes to

the fabrication apparatus. The QDs in Figure 3.3a were grown with the fabrication

flask submerged in an oil bath to provide more uniform heating during growth. The

samples shown in Figures 3.3b and 3.3c were each grown using the new fabrication

apparatus described in method 2, complete with a sealed environment under reflux,

and wrapped in a heating mantle for uniform heating. In the comparison of PL

spectra for CA-, MPA- and TGA-stabilized QDs note that the peak PL is higher

than was achieved with the original fabrication apparatus as illustrated in Figure 3.1.

This represents a significant improvement in the quality of the QDs, manifested as

an improvement in photoluminescence quantum yield. The general trends from one

ligand to the next are the same, with comparable growth times to reach peak PL and

longer wavelengths and the point where growth significantly slows. Importantly, the
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(a) Cysteamine (CA) (b) 3-Mercaptopropionic Acid (MPA)

(c) Thioglycolic Acid (TGA)

Figure 3.3: A second comparison of PL characteristics of CdTe QDs as they vary
by ligand, illustrating the effect on PL of a carefully controlled growth environment.
The QDs in these examples were fabricated by method 1, as in Figure 3.1, but with
improvements to the fabrication apparatus. The CA batch employed an oil bath for
more uniform heating, the MPA and TGA samples were fabricated with the apparatus
described in method 2, using a heating mantle and carried out under reflux. With a
more controlled growth environment all samples show a significant improvement in
peak PL intensity. The results lead to the same general conclusions as observed in
Figure 3.1 and are summarized in Table 3.2. MPA-capped QDs grow most rapidly
and under identical fabrication conditions, have the highest PL intensity. MPA is
therefore the ligand selected for most of our experiments where the attention is on
the applications of QDs post-fabrication and not on variations in the experimental
parameters.
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Ligand Time to Peak PL λ of Peak PL Time to 600 nm

CA 9 hrs 560 nm >28 hrs
MPA 2.5 hrs 600 nm 2.5 hrs
TGA 11 hrs 560 nm 34 hrs

Table 3.2: Summary of observations of the PL spectra shown in Figure 3.3 for CdTe
QDs fabricated using different stabilizing ligands. The choice of ligand plays a signif-
icant role in the QD growth rate. MPA is selected for most of our QDs because the
growth rate is comparatively fast, enabling faster turn around for QDs to be used in
application experiments.

overall conclusion is the same: MPA is the best ligand to work with for our purposes

because of the convenience of a rapid fabrication time and there is no evidence to

indicate that there are downsides to using MPA in terms of PL intensity, width of

the emission peak or the range of emission wavelengths that can be achieved.

While a thorough study of the effect of various fabrication parameters on the

quality and characteristics of the quantum dots was not the end goal of this research,

in order to study the application of QDs to nanoscopy and their response to nano-

material interactions, it is important to produce high quality QDs with consistent

characteristics. As a result, a substantial amount of time was invested in improving

the fabrication apparatus and refining the fabrication procedure in order to produce

consistently repeatable results batch after batch. The goal is to continually improve

the fluorescence characteristics in an effort to achieve highly photostable QDs that

exhibit little to no blinking on the time scale of minutes. Figures 3.4 - 3.6 illustrate

the effects of improving the fabrication procedure and modifying the fabrication pH

as well as the effects of aging on the PL emission. In all cases, the PL spectra are
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(a) Sample A (b) Sample A, one month later

(c) Sample B (d) Sample C

Figure 3.4: PL Spectra for core-only CdTe + CA QDs with excitation at 365 nm.
Spectra in (a) and (b) are from the same batch of QDs. The spectral profiles in
(a) were acquired one day after fabrication and the spectra in (b) were acquired on
the same samples after being stored in the dark at 4 ◦C for one month. There are
additional samples added in the second case, which were not measured the first time,
but which also came from the same batch. It is interesting to note that after aging for
a month, the PL intensity has increased. The spectra shown in (c) were fabricated at
higher pH and higher temperature, helping to explain the increase in PL intensity and
faster growth rate. Sample (d) was fabricated with the round bottom flask immersed
in an oil bath creating a delay in bringing the fabrication solution to temperature but
providing a less variable heat source, resulting in significantly brighter QDs, though
they exhibit a substantially slower growth rate.
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acquired using a 365 nm excitation source since this is the excitation band used in

blinking and bleaching studies on the fluorescence microscope.

PL Spectra for core-only CdTe + CA QDs are shown in Figure 3.4. Spectra

in 3.4a and 3.4b are from the same batch of QDs where the first set of spectral

profiles were acquired one day after fabrication and the second set, in 3.4b, were

acquired one month later, after being stored in the dark at 4 ◦C for one month. The

literature presents conflicting evidence on the effect of QD aging, sometimes citing

improvements in PL emission and other times a deterioration and always dependent

on the interim storage, in vacuum, under inert gas, in the dark, under room light,

at room temperature or in the refrigerator [33, 42, 48, 50, 74–76]. In studies on the

fluorescence microscope, which are discussed in section 3.2, we consistently observe a

deterioration in the photostability manifested as increased blinking with shorter on

times when the original fabrication solution has been stored in the dark at 4 ◦C. That

said, comparing 3.4a and 3.4b, there is an increase in the PL intensity for sample s4

after a month. The ratio of PL intensities for different QD sample extraction times

also changes after a month, perhaps indicating a difference in QD stability at different

stages of growth.

Considering next the sample in 3.4c, we note that peak PL occurs earlier, after

3 hrs as compared to 4 hrs in the first case and is nearly as bright as the first

two (actually falling between the original measurement and the aged sample). By

contrast, the spectra in 3.4d takes a substantially longer 9 hrs to reach peak PL.
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When the QD batch does reach peak PL it is at a far higher intensity than any of

the previous samples and also at a shorter wavelength. Since emission wavelength

is a direct indicator of the QD size, the final batch clearly grew at a far slower rate

and never grew as large as previous samples. The maximum emission wavelength

after 47 hrs is still less than 600 nm for sample C, while all of the previous samples

far exceed 600 nm emission in a shorter time span. The major differences in the

fabrication process that may account for these differences include first, no NaOH was

added to samples A or C but was added to B, which means growth proceeded at

a higher pH for B, where higher pH is known to increase the growth rate. Second,

the fabrication temperature was slightly higher in B than for A, which also increases

the growth rate and for C the round bottom flask was submerged in a hot oil bath,

which provided improved heat uniformity than the hotplate used for A and B. The

improved heating uniformity probably accounts for the substantial increase in PL

intensity and the narrower peak width. The fabrication time is marked from when

we begin heating the QD solution and the thermal mass of the oil is slower to heat up

than the fabrication solution in the flask sitting directly on a hotplate. The recorded

temperature of the fabrication solution in C matched typical fabrication temperatures

on the hotplate after an hour. Typically the precursor solution is brought up to the

steady state growth temperature in a few minutes. This difference likely explains why

the first sample taken after one hour occurs at a shorter wavelength, 535 nm, than in

any of the other samples; the QDs are smaller at this point, having been heated more
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(a) Original fabrication apparatus (b) Improved fabrication apparatus

Figure 3.5: Comparison of PL spectra acquired at an excitation wavelength of 365 nm
for CdTe + TGA QDs. There is an improvement in PL intensity and the narrowness
of the linewidth from (a) to (b) as a result of significant improvements in control
of the fabrication environment. Series (a) were fabricated using the original set-up
of a round bottom flask covered with aluminum foil on a hotplate, and sample (b)
was fabricated using the modified fabrication apparatus described in method 2 with
a 3-neck flask in a heating mantle, sealed with rubber septa or glass stoppers and
carried out under reflux. (Note: PL spectra for sample (b) were acquired by Lau).

slowly. It does not necessarily explain why once the temperature reached equilibrium

at the typical fabrication temperature, just below the boiling point of the solution,

that growth continued to proceed slowly. Finally, slightly more CA ligand was used in

C than in the previous two cases and evidence in the literature suggests that a lower

ratio of ligand to Cd 2+ increases the PL and possibly the growth rate [59], which

would help explain the high PL but not the slow growth rate in C.

The PL spectra in Figure 3.5 compare the results of different fabrication appara-

tus for two batches of core-only CdTe + TGA QDs. The quality of the QDs in 3.5b is

significantly better, as illustrated by the dramatic increase in PL and the uniformly

narrow width of the PL peaks. These differences are not surprising considering the
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fabrication history of the two batches of QDs. The samples in 3.5a were fabricated

using method 1 and the significantly less controlled environment. A condenser was

not being used at the time, and the flask, which sat on a hotplate, was covered with

aluminum foil, but not sealed with glass stoppers. The samples in 3.5b, by compar-

ison, were among the first QDs produced with the improved fabrication apparatus

that involved a 3-neck flask, a condenser to carry-out the QD growth under reflux,

and a heating mantle for more uniform heating and greater temperature control. In

addition to the substantially improved emission intensity achieved, there is a more

steady and predictable progression in size and emission wavelength with time.

Finally, Figure 3.6 makes a comparison between iterations on CdTe + MPA, our

ligand of choice. Like the TGA-capped QDs, these spectra demonstrate the increase

in PL emission intensity and improvement in QD quality as a function of control over

the QD fabrication environment. Sample 3.6a, with the weakest fluorescence, was

fabricated using the original set-up, a round bottom flask on a hotplate sealed only

with aluminum foil. Sample 3.6b was also fabricated using the original fabrication

apparatus, but achieved a higher emission intensity and a full width at half max

(FWHM) of 45 nm after 2 hrs. Sample 3.6c, which is significantly improved over the

first two, was the first batch of MPA-capped QDs fabricated with the new fabrication

apparatus, described in method 2, including the condenser, continuous Ar gas flow

and heating mantle. Comparing the various samples, (a), (b) and (c), for the first

two hours all samples appear to keep about the same pace in QD growth, reaching
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(a) (b)

(c)

Figure 3.6: A comparison of PL spectra acquired with an excitation wavelength of
365 nm for CdTe + MPA QDs, illustrating improvements in QD quality as a function
of improvements in experimental apparatus. Samples in (a) and (b) were fabricated
using the original fabrication apparatus with a round bottom flask on a hotplate
covered with aluminum foil. The plot in (c) includes data from 3 different batches
of QDs fabricated with the new experimental apparatus, a 3-neck flask, temperature
controlled by a heating mantle, all necks sealed by rubber septa or glass stoppers
and growth carried out under reflux. The two samples of MPA-capped QDs in (c)
illustrate the effect pH has on growth rate. The MPA sample labeled ‘MPA1 2hr’ is
from a separate fabrication batch from the first 6 MPA samples and is grown at a much
higher pH, thus exhibiting a substantially faster growth rate. The TGA spectrum in
the same plot is intended to illustrate the difference in growth rate between ligands
where TGA-stabilized QDs grow far more slowly than MPA-stabilized QDs.
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the same emission wavelength in approximately the same amount of time. There is

a significant difference, however between 3.6a and 3.6c at longer times: 3.6a reaches

a wavelength slightly longer than 600 nm after 6 hrs whereas in 3.6c, after just 3 hrs

the emission wavelength exceeds 600 nm. This can most likely be explained by more

uniform heating and a higher pH in 3.6c. The effect of pH is made even more vivid

by examining the collection of spectral profiles in 3.6c, which includes samples from

multiple fabrication batches graphed together. The first six samples listed as MPA

samples in the legend are from a single batch, the second ‘MPA1 2hr’ sample is from

a separate batch and the final sample plotted in the set is a TGA-capped sample.

The second MPA batch reaches the arbitrarily selected reference point at 600 nm in a

mere 2 hrs. The only difference between this sample and the 6 samples from the first

MPA batch is a difference in pH. The second batch began with fewer drops of NaOH,

but after an hour of growth time the solution had turned opaque and more NaOH was

added to turn the solution transparent once more. A similar procedure was followed

for the first MPA batch, but less NaOH was added in the later case. The pH was not

measured, but it is assumed that the second MPA batch had a significantly higher

pH after the second addition of NaOH and thus the growth proceeded more rapidly,

a result that is consistent with experiments intentionally exploring growth rate as a

function of pH as well as the literature on such experiments.

Turning next to a comparison of ligands, in 3.6c, there is a TGA spectrum plotted

among the MPA samples. All 3 batches of QDs in 3.6c were fabricated with the
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same fabrication apparatus and were used to illustrate the significant difference in

fabrication time from one ligand to the next. After 7.5 hrs of growth time with TGA

as a stabilizer, the emission wavelength has not quite reached 550 nm. This becomes

one of the major factors in electing MPA as the primary ligand we work with in our

experiments; the fabrication time is short. This experiment was performed prior to

exploring growth time, as a function of pH and it is likely, as observed with MPA,

that increasing the pH of the TGA-stabilized solution will increase the growth rate,

but the time difference is substantial and the increase in growth rate with pH comes

with other trade-offs.

Adding shells to core-only QDs produces a red-shift in the emission wavelength for

a given core diameter [27–29, 35, 60]. In the first experiments in adding shells to the

core-only QDs, I modeled my method after the paper by Wang, et. al., as discussed

in Section 2.2 and described in Appendix B.2.1 [45]. Early attempts did not yield

non-blinking QDs, and were not pursued because Lau took over QD fabrication while

I focused on QD application. Nonetheless, Figure 3.7 shows a set of spectra for

CdTe/ZnTe + MPA CS and CdTe/ZnTe/ZnTe + MPA core-shell-shell (CSS) QDs

using this first method. The original CdTe core-only sample, drawn from the batch

whose PL spectra are shown in Figure 3.6b, is labeled S4w in Figure 3.7a. The sample

was grown for 2 hrs by method 1, using the original fabrication apparatus. After 2 hrs,

the PL emission wavelength of s4 is 566 nm, with a FWHM of 45 nm, the PL intensity

is ∼ 3 · 106 cps. To purify the original core-only sample and remove excess precursors
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(a) Transition layer from core to shell (b) PL Spectra after addition of final shell

Figure 3.7: Comparison of PL spectra over the course of shell growth. The original
CdTe core-only sample is labeled S4w in (a). PL spectral profiles are shown for
different intervals of shell growth. For the first shell layer the PL intensity drops, while
first shifting blue and then shifting red. The emission peak simultaneously broadens
and becomes increasingly asymmetrical. The sample extracted after 10 mins of initial
shell growth is purified and a second shell layer is grown. The spectral profiles after
the second shell are shown in (b) for various shell growth intervals. The addition of
the second shell causes the PL emission wavelength to first shift blue before turning
around and shifting toward longer wavelengths. The PL intensity increases slowly at
first, then increases sharply between 50 mins and 105 mins before declining again.

and ligands in solution, the QDs are precipitated out of solution by addition of a

large volume of 2-propanol (IPA). The supernatant is discarded and the precipitate is

re-suspended in DI water. The PL spectra comparing the original s4 sample and the

sample after purification is illustrated in Figure 3.8. This is likely a process that needs

to be refined as there is a sharp drop in the PL after purification in addition to a 10 nm

shift toward longer wavelength after purification. Others have successfully employed

purification techniques using IPA without a degradation in PL [35,58,60]. This would

be an interesting area to pursue follow up work on to improve the purification process
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Figure 3.8: Comparison of PL peak for a sample of CdTe + MPA core-only QDs
immediately after drawn from the hot fabrication solution (S4), a short while later
after cooling (S4a) and the next day after the sample has been purified using a large
volume of IPA and centrifuging to precipitate out the QDs before re-dissolving in DI
water (S4w).

or alternately attempt CSS growth without purification between steps.

A gradually transitioning ZnTe shell is grown on the CdTe core-only sample la-

beled s4w in Figure 3.7a. The figure illustrates the shift in PL spectra as the shell

thickness increases, where the sample time displayed in the legend indicates the shell

growth time after all shell materials have been added. Shell growth is accompanied

first by a drop in PL and a shift to longer wavelengths, followed by a broadening

of the PL peak. For the core-shell-shell spectra shown in Figure 3.7b, a sample of

CS QDs are extracted after 10 mins of initial transition shell growth. The sample is

treated in a similar fashion to the core-only sample; the QDs are precipitated out of

solution using IPA and re-dissolved in DI water. The CS QDs are then added to the

fabrication flask containing MPA, Zn and Te precursor materials. A second shell is
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grown with growth times for the second shell given by the increments in the legend

in Figure 3.7b. In the course of the second shell, the PL increased dramatically over

the first 1 - 2 hrs and was significantly greater than in the CS case. The peak PL

occurred after 1.75 hrs of second shell growth before beginning to decrease. The emis-

sion wavelength during the growth of the second shell first shifted blue from about

550 nm to the wavelength of peak PL emission at nearly 525 nm and then as PL

intensity began to decline once more, the PL emission wavelength began to shift red

again, returning to ∼550 nm after 4.3 hrs.

3.1.2 Photoluminescence Excitation Spectra

To acquire a photoluminescence excitation (PLE) spectrum, the wavelength at

which fluorescence emission is measured is held constant and the wavelength of exci-

tation is varied. The result is that the intensity of a particular transition in the QD,

which gives rise to a particular PL emission line, is measured to produce an excita-

tion spectrum. For example, if it has previously been found that the peak emission

wavelength of a given sample of QDs is 585 nm, the observation wavelength is held

constant at 585 nm while the excitation is swept through a range of wavelengths. The

peak emission intensity is observed to vary as a function of excitation wavelength and

a spectral profile such as that shown in Figure 3.9 is produced. In this case, for a

sample of CdTe + CA core-only QDs, the peak emission is found to be about 630 nm.

The peak PL wavelength does not vary as a function of the excitation wavelength. In

Figure 3.9, the peak PL emission occurs for an excitation wavelength of 400 nm. The
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PL intensity does not increase monotonically as a function of excitation wavelength,

there is a big jump from 365 nm to 400 nm, and then the PL peak intensity de-

creases as the excitation wavelength is increased further. The changing PL intensity

with the changing excitation wavelength becomes more clear when considering the

absorption spectrum which has a broad profile, see Section 3.1.3. There is an initial

peak corresponding to the first exciton, a dip and then the absorption curve continues

to rise toward higher excitonic peaks. In this way, PLE is roughly equivalent to an

absorption spectrum except that in an absorption spectrum there may be multiple

transitions contributing to any given absorption level at a particular wavelength so it

represents the total absorbed energy whereas PLE is measuring a single transition.

Figure 3.10 is not a PLE spectrum, but portrays similar information by com-

paring two sets of PL spectra for a series of CdTe + TGA samples excited at two

different wavelengths, 365 nm (3.10a) and 405 nm (3.10b). For each QD sample, the

emission wavelength does not change, but the PL intensity is a function of excitation

wavelength.

3.1.3 Absorption Spectra

A typical absorption spectrum for QDs is shown in Figure 3.11. The peak of the

absorption spectrum shifts to lower energy with increasing QD size. The absorption

curves shown here are for CdTe + MPA QDs fabricated by method 1 using the refined

fabrication apparatus. The legend specifies growth times for the core-only QDs.
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Figure 3.9: CdTe + CA QDs fabricated using the original fabrication apparatus on a
hotplate. Fabrication pH = 12.25. PL spectra are acquired on various samples drawn
over the course of QD growth. The sample with peak emission at 630 nm is found
to have the greatest PL intensity; it is selected for measuring a PLE spectrum where
the excitation wavelength is varied to explore the fluorescence emission intensity as
a function of excitation wavelength. For this sample, the peak PLE intensity occurs
for an excitation wavelength of 400 nm.

3.2 Fluorescence Microscopy

Fluorescence microscopy is our primary tool for characterizing the results of var-

ious experiments. Specific results will be discussed in later chapters in the context

of those experiments. Here, I will outline the typical data and sample characteristics

we are able to study through fluorescence imaging. The details regarding data ex-

traction and analysis methods are described in Appendix E. Using the fluorescence

microscope we are able to characterize QD emission intensity, photostability, emission

wavelength, sensitivity to excitation intensity and blinking. We use it as a tool to

assess the success of sample deposition and immobilization techniques. While most of

the research has been focused on the development of improved aqueous QDs and their
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(a) PLE excitation λ = 365 nm (b) PLE excitation λ = 405 nm

Figure 3.10: CdTe + TGA QDs fabricated by method 1 with the original fabrication
apparatus. These two sets of PL spectra are acquired on the same set of samples. On
the left the samples are excited at 365 nm and on the right the excitation wavelength
is 405 nm. Changing the excitation wavelength does not affect the emission wave-
length, but plays a significant role in the fluorescence emission intensity, though not
by the same amount for each different QD size; some sizes are affected by a change
in excitation wavelength more than others. The peak PL emission occurs around 590
nm (10 hr growth time) with 365 nm excitation, but closer to 580 nm (8 hr growth
time) with excitation at 405 nm. The emission intensity overall is higher for the
TGA-capped QDs excited at 405 nm as compared to 365 nm.

immobilization on the substrate, we are ultimately interested in using fluorescence

properties of QDs to study the interaction between QDs and other nano-materials.

Figure 3.12 illustrates a typical field of QDs observed on the fluorescence micro-

scope. The Rayleigh criterion, as discussed for our system in Appendix C, requires

that point sources be separated by a minimum of 209 nm in order to be detected as

separate sources. QDs closer than this spacing are detected as a cluster, whether or

not they are physically aggregated. As a result, deciphering the fluorescence images

is not entirely straightforward. The goal is to image single quantum dots, but since
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Figure 3.11: Absorption spectra for CdTe + MPA QDs fabricated by method 1 in the
improved fabricated apparatus. The legend specifies growth times for the core-only
QDs. Fluorescein serves as a reference and the curves are normalized at 473 nm.
(Absorption spectra acquired by Lau)

a QD is on the order of a few nanometers, many QDs fit within the resolution spot;

other techniques must be employed to decipher the presence of single or multiple

QDs. An indication of single QDs in the scene is the general size and distribution of

spots, a single QD should behave as a point source in the image and therefore single

QDs should appear more or less uniform in shape and size. Another strong indicator

of the presence of single QDs is fluorescence intermittency, the characteristic blinking

on and off of QD fluorescence under continuous excitation, which will be discussed in

more detail in Chapter 5. Though all QDs within 209 nm of one another will appear

as a single point image, if there are sufficiently few QDs in the grouping, blinking

can still be detected and will manifest as a multistep intensity pattern where, for

example in the case of two QDs, the intensity may vary between that of two QDs

“on” or of one “on” and one “off,” or of both “off.” A given sample of QDs tend to
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either physically aggregate or remain well separated due their charge stabilization,

there is not often a mix of states. This helps in identifying whether fluorescing spots

are likely to be single QDs. The aggregation is often a function of the quality of QD

stabilization achieved by the ligands. In general the ligands prevent QDs from clus-

tering, but occasionally a sample will show significant clustering and dense samples

will often show increased clustering.

Once a sample with a good distribution of QDs is obtained, spectral data can be

captured by taking a snapshot of the same FOV through each of the external emission

filters. This indicates the peak emission wavelength of the QDs to within the 20 nm

width of the filters, more detail may be found in Appendix E.1. Single QDs typically

show up in the image for a single emission filter, or two, depending on where the

QD emission is centered relative to the center wavelength of the filters. Clusters will

show up in a couple of emission filters because the distribution of QD sizes composing

the cluster causes the emission to appear more broadband. Contamination such as

dust is typically broadband and is identified by large, misshapen clusters that show

up in all filters. The spectral characterization that can be done on the fluorescence

microscope is typically limited to identifying the optimal filter for observation of the

QDs and verification that the fluorescence in the field are single QDs and not clusters

or contamination.

Our primary interest on the fluorescence microscope is the temporal analysis of QD

fluorescence. We are interested in characterizing the photostability of the QDs both
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Figure 3.12: A typical field observed with the fluorescence microscope for a sample of
CdTe + MPA QDs drop-cast on an oxygen plasma cleaned glass coverslip. The full
field of view is 82 µm, the wavelength labeled at 605 nm in the upper left indicates
the emission filter used to acquire the image. We are first interested in observing the
distribution of QDs on the sample; this one has a good, fairly uniform, but not too
dense distribution. There are likely single QDs in this field as evidenced by the fairly
uniform size and distribution, but there are also several likely clusters. Two QDs can
only be resolved as two individual QDs if they are spaced by at least 209 nm, a closer
separation does not mean they are necessarily physically aggregated, but they will
appear as a cluster in the image.
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Figure 3.13: An example of time lapse imaging that can be done with the fluorescence
microscope. In time lapse imaging, the sample is under continuous excitation and
frames are captured continuously for the duration of the acquisition period, 5 mins
in this case. The elapsed time is indicated in the top left of each image, the exposure
time in ms is below. We goal is to measure the photostability of the QDs, how long
do they continue fluorescing, even intermittently, under continuous excitation. To be
useful, the QDs need to continue fluorescing long enough to carryout the experiment
of interest, preferably at least a few minutes. Each of these images is the full 82 µm2

field of the fluorescence microscope.

in terms of their blinking statistics and the time over which they fluoresce before

quenching. To capture this information time series data are acquired on a sample

under continuous excitation and snapshots are acquired in rapid succession for the

duration of the experiment time, typically 5 or 10 mins or until all QDs in the field

are quenched. The temporal fluorescence trajectory for individual QDs may then be

analyzed to characterize the length of “on” events, the fraction of time the QD spends

in an “on” state and how long it remains blinking under continuous excitation. The
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details of this analysis are important in the study of QD-nano-material interactions

where we are looking for changes in QD fluorescence. A detailed characterization of

QD blinking is contained in Chapter 5. Figure 3.13 illustrates a typical field at the

beginning and end of a time series acquisition, showing the quenching of fluorescence

that occurs under continuous illumination; at the end of 5 mins, far fewer fluorescing

points are observed in the field.

3.3 Atomic Force Microscopy

Atomic force microscopy is another technique to study QDs deposited on sub-

strates. In tapping or intermittent contact mode we are able to investigate the size

and distribution of QDs on the surface. Using EFM we can study the electrostatic

field of QDs under an applied bias as well as compare how the characteristics of the

electrostatic field change with photoexcitation of the QDs. Using EFM to look at

phase differences helps to distinguish between QDs and the surrounding substrate

and silane. Using an applied force or etching mode enables the acquisition of data to

assess the strength of immobilization of QDs using various silanes. The advantages of

AFM include atomic scale and 3-D information in real space, while still being quick

to use with fast, low cost sample preparation and in-situ observations. Sample prepa-

ration is no more complicated than for the fluorescence microscope with no special

requirements except for needing a conductive substrate to do EFM and a transparent

substrate to do photoexcitation experiments. The resolution is comparable to TEM
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and better than SEM. In addition, the later two instruments require vacuum to be

drawn on the sample whereas for AFM modification of environmental parameters is

flexible, though the quieter and more vibration isolated the sample and instrument,

the higher quality the resulting images. The primary investment in working with

AFM is time, as high-resolution, wide-area scans may require several hours.

There are many different AFM modes that can be used to study a wide variety

of sample characteristics including the size, electrical, mechanical and optical prop-

erties of the sample. Sample characterization using AFM depends on the interaction

between the cantilever tip and the sample. To this end, the various modes can, on

the whole, be accessed by appropriate choice of probe and the sample preparation,

such as the selection of a conductive or transparent sample. The various choices of

probes and their basic properties are summarized in Table C.1. Contact mode and

intermittent contact mode (tapping mode), used for imaging the sample topography,

have less stringent requirements for the probe and sample preparation. No special

materials or coatings are required of the tip or the sample. The probe choice is influ-

enced by the mechanical properties of the sample such as the size and hardness. The

image that is produced by AFM is the convolution of the cantilever and the object

being image; therefore, to achieve the highest resolution in the xy image plane, a tip

with a narrow radius is best, such as the MSNL probes with a tip radius of 2 nm.

Due to this convolution effect in the xy-plane that reduces the resolution that can be

achieved in x and y, the z-dimension is most accurate. In the z-dimension sub-nm
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resolution can be achieved with any of the probes shown in Table C.1.

Contact mode measures the interatomic van der Waals forces between the sample

and the cantilever where the repulsive force of the sample acting on the cantilever

causes a deflection of the cantilever, this deflection is the value recorded in the im-

ages. Tapping mode is often used instead of contact mode because it is gentler on the

sample. Rather than dragging the tip along the sample surface as in contact mode,

in tapping mode a drive voltage is applied to the tip so it oscillates as it scans. The

repulsive van der Waals forces manifest as a phase shift in the oscillation. There are

no special requirements of the substrate in contact or tapping modes. Sometimes the

standard glass microscope coverslips that are used for fluorescence microscopy exper-

iments are used in order to take samples back and forth between the two instruments

to compare characteristics on the same sample. However, coverglasses have enough

surface roughness variability that they can cause jumps in the phase that make it

hard to distinguish the QDs or to obtain a full field image since one side of the sub-

strate surface in the FOV may be significantly higher or lower than the other, making

signal processing difficult. When it is not necessary to prepare samples that can also

be used on the fluorescence microscope, silicon (Si) wafers are typically used, which

have much less surface roughness.

EFM requires a conductive cantilever (such as the SCM-PIT probe or an FESP

tip, see Table C.1) and conductive substrate. Si wafers are sufficiently conductive

for use with EFM and are most frequently used. To do EFM in conjunction with
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photoexcitation experiments, it is necessary to use a transparent substrate in order

to photoexcite the sample from below. In this case glass substrates coated with a thin

film of conductive indium tin oxide (ITO) are used. EFM measures the local electro-

static interaction between the oscillating conductive tip and the sample, which has an

applied bias. The Coulomb forces present cause a shift in the oscillation amplitude

and phase of the cantilever. The magnitude of these forces will vary for different mate-

rials so this mode is valuable not only for studying the electrical properties of QDs but

for distinguishing between QDs and polymerized silane on the substrate. Polymerized

silane molecules tend to be approximately the same size as the QDs themselves, as

shown in Figure 3.14, which is 5 µm2 topography image produced in tapping mode

where brighter points indicate greater z-height, which is the important dimension to

note in AFM. Line profiles drawn across individual particles are shown in Figure 3.15.

For this particular sample there is a fairly binary distribution between what are likely

QDs in the 3-4 nm range, and what are likely polymerized silane molecules around

1.5 nm. Not all samples are this clear-cut, especially when working with smaller QDs,

making it difficult to distinguish between QDs and silane molecules with confidence.

Using EFM to also measure the electrostatic profile of the sample, there is a clear

distinction in the phase shift produced by QDs, which does not occur for polymerized

silane molecules. The polymerized silane molecules blend into the background in an

EFM image because they have the same electrical properties as the layer of silane

across the substrate used to immobilize the QDs. Figure 3.16 illustrates a 1 µm2
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topographical image and its corresponding phase image, the EFM signal that helps

distinguish the QDs from the silane molecules. The corresponding height profiles in

this case are shown in Figure 3.17 for the line profiles drawn across particles in the

height image in Figure 3.16. The line profiles again show a fairly binary distribution

(with the exception of the large cluster) and the set of particles around 4 nm may

now be correlated with the particles that show up in the EFM image on the right in

Figure 3.16, helping to distinguish between QDs and polymerized silane molecules.

3.4 Scanning Electron Microscopy

SEM is another valuable tool for characterizing QDs. A focused electron beam is

incident on the sample, which causes the sample to eject electrons that are imaged

on a detector. The technique enables high resolution imaging of the QDs over a wide

field of view and data acquisition can be done relatively rapidly. That said, it is

challenging to image the QDs with the SEM because of their particularly small size

and we observe a substantial amount of charge accumulation on the sample substrates.

Charge accumulates when the primary electrons from the electron beam do not leave

the sample when the sample is not well grounded. This is likely due to the silane used

to immobilize the QDs on the substrate; silane is a non-conductive organic material.

The resistivity of the silicon-only substrate was measured at ∼0.5 MΩ, whereas the

silane coated silicon exceeded the multimeter’s limit at greater than 1 MΩ. After

unsuccessfully attempting to image the original samples, the samples were sputter-
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Figure 3.14: Typical 5 µm2 height image acquired in tapping mode on the AFM for
CS CdTe/CdS + MPA QDs self-assembled on an DETA silanized Si substrate. Line
profiles drawn across various objects in the image are shown in Figure 3.15 and show
a binary distribution of particle sizes present in the image.
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Figure 3.15: Height profiles for the linescans on particles shown in Figure 3.14, illus-
trating a binary distribution of particle sizes. The particles clustered around 2 nm
are likely polymerized silane molecules and the set around 4 nm are likely the CS
CdTe/CdS + MPA QDs self-assembled on the substrate.

coated for 30 sec with platinum and grounded using silver paint in an effort to reduce

charging and improve imaging.

The sample preparation for the SEM requires the same cleaning and silanization

steps for Si substrates as described for other instruments. It is also very important

that the samples are completely dry since the sample is imaged by a beam of electrons

in a vacuum chamber. Any water present would vaporize in the vacuum environment.

As such, after sample deposition on the substrate, the samples are placed in an oven

at 40 ◦C for 4 hrs.
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Figure 3.16: An AFM height image (left) and EFM phase image (right) illustrating
the distinction between different materials that is gained by looking at the phase image
in addition to the height image. Both are 1 µm2 scans of the same FOV. A dense
distribution of particles are observed in the height image, however not all of these
particles are QDs. When particle sizes are similar, it is difficult to distinguish between
polymerized silane molecules and QDs in the height image. Using the height image
in conjunction with the phase image illustrates how the phase of the QDs contrasts
with the phase of the surrounding silane molecules. In the phase image there are far
fewer spots with a contrast in phase. The QDs are immobilized by silane so the whole
background is silane resulting in very little phase difference between the surrounding
silane and the silane particles, but there is high phase contrast where there are QDs
on a background of silane.

The QDs imaged by SEM were a core-only CdTe + MPA sample fabricated a

month earlier, their growth time (by method 2) was 4 hrs and they exhibited orange

fluorescence. This sample is typical of those used in most experiments so the proper-

ties studied across instruments may be used to build up a big picture characterization

of the QDs. The QD fabrication solution in this case had a visible white precipitate

so the solution was first filtered using a 0.1 µm PVDF filter (SLVV033RS, Millex-VV
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Figure 3.17: Height profiles for the particles marked by linescans and numbers in
the height image in Figure 3.16. With the exception of the particle far larger than
the others, there is again more or less a bimodal distribution in particle sizes with a
cluster around 2 - 2.5 nm and a cluster around 4 nm. The important comparison at
this point is to observe that the small particles, which are likely the silane molecules,
correspond to the particles which do not show up in the EFM image in Figure 3.16,
indicating that in samples where it is difficult to distinguish between QDs and silane
molecules based on the topography data alone, the EFM data can be a valuable tool.

disposable syringe filter units, 0.1 m pore diameter). The filtered solution is trans-

parent, indicating the precipitate was greater than 0.1 µm diameter and had been

removed from the QD solution. The QDs are then diluted 250x in DI water, which

has also been filtered with the same 0.1 µm PVDF filters. The dilute QD solution

is then drop-cast on the Si substrate and left in the oven at 40 ◦C. This method of

drop-casting the solution may be a source of the challenge in imaging the QDs by

SEM. QDs are charge stabilized which results in the particles clustering, though not
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physically aggregating. The result on a sample substrate where QDs are not deposited

by self-assembly is that the QDs are clustered on the sample substrate in a particular

region. Regardless of the QD dilution, highly dilute or concentrated, all the QDs will

be found in a particular region. This makes SEM imaging challenging because one

must patiently search for the region containing the QDs. The results would likely

benefit from repeating using the new self-assembly technique.

Figures 3.18 - 3.21 illustrate the typical images of QDs obtained with SEM and

the accompanying particle analysis, which was completed using Image J. A descrip-

tion of the image pre-processing and the subsequent particle analysis can be found

in Appendix G. These particular QDs had orange fluorescence emission, which cor-

responds, in this case, to average particle diameters around 5.6 - 6.2 nm. The parti-

cle diameters calculated are larger than we have found in more recent results using

AFM, another argument for repeating SEM experiments using new QD fabrication

techniques and sample deposition methods. The standard deviation in the particle

diameter was around 1.2-1.5 nm, which is to be expected for the raw QD samples

without any post-processing such as size-selective precipitation to narrow the size

distribution present.

3.5 Transmission Electron Microscopy

TEM is another tool for studying the physical properties of QDs, producing atomic

resolution images of samples using a high energy electron beam that passes through
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the sample. Using TEM we are able to construct an image not only of the particle

size and distribution, but of the crystalline lattice of the atoms composing the QDs

themselves. The incident electron beam reflects off the lattice planes within the QD;

the reflections off different lattice planes interfere, producing interference fringes and

indicating the spacing between lattice planes in the crystalline structure of CdTe.

Figures 3.22 through 3.25 illustrate TEM images for samples of CdTe + MPA

core-only QDs on ultra-thin carbon grids. The samples are prepared by holding the

TEM grids (TedPella 01822 Ultratin Carbon Type-A 400 mesh) between tweezers

and repeatedly drop-casting QD solution diluted 400x in purified water on the grids

over the course of several hours in order to create a sufficiently dense sample for

imaging. The QDs are fabricated by two different methods. The first pair of images,

Figures 3.22 and 3.23 are a wide field and zoomed-in field, respectively, for core-only

QDs fabricated using method 2 at pH 9 with a precursor ratio Cd:MPA:Te of 1:2.4:.01.

The growth time was 5 hrs, producing QDs that exhibit orange emission. Analysis of

the particles in the TEM images show an average particle diameter of 3.21 ± 0.30 nm.

The fringe spacing is measured to be 0.41 ± 0.03 nm. The QDs in the second set

of images, Figures 3.24 and 3.25 were fabricated by method 3 with a precursor ratio

Cd:MPA:Te of 1:1.7:0.1 and the pH increased to 11.9. The second set, which grow

at a much faster rate at the higher pH, were extracted after 11 mins and have green

emission. The green emission indicates the QDs are smaller, we can use TEM to

verify the size. The average particle diameter is, in fact, found to be smaller with an
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average of 2.38 ± 0.22 nm, and is consistent in their fringe spacing at 0.42 ± 0.04 nm.

The results are consistent with our expectations on QD size and confirm that the

fringe spacing is the same for the various samples regardless of the particle diameter

or fabrication method since the QDs are all CdTe. The lattice parameter, a0, for

CdTe, which has a cubic zinc blende crystalline structure, is 0.648 nm.
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Figure 3.18: SEM images of CdTe + MPA QDs drop-cast on a Si substrate and
sputtered with platinum. The upper image shows some contamination, but a fairly
uniform distribution of QDs, with some areas denser than others. The lower image
illustrates the fairly uniform QD size and distribution of QDs with spacings on the
order of 2-3x the QD size across the sample substrate.
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Figure 3.19: SEM of platinum coated CdTe + MPA QDs drop-cast on a Si wafer,
scale bar is 100 nm. The QDs have fairly uniform size and distribution.

Figure 3.20: Statistical analysis of CdTe + MPA QD size distribution using Image J.
The image on the left traces the QDs in red as they were selected by the thresholding
and particle analysis routines. The image on the right is a histogram of the resulting
particle analysis where the minimum particle diameter 3.65 nm and the maximum
identified in the scene was 8.66 nm. The mode in this case is 5.31 nm, with 8 particles
counted in this bin where the bin size is 1.57 nm and 60 total particles were counted
in the field. The standard deviation in particle diameter of the sample set is 1.24 nm
and 2

3
of the particles fall within one standard deviation of the mean of 5.62 nm.
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Figure 3.21: The analysis of particle diameters was repeated on a larger field in order
to obtain a larger sample size. The sample itself was identical to that shown in
Figure 3.20, however, the analysis is on a different field on the sample and is less
magnified. The top panel is meant to illustrate how well the ImageJ algorithm is
finding QDs in the field. Note this is not the full field, which is shown in the top
panel of Figure 3.18. The histogram in the lower panel presents the distribution of
particle diameters for the field. With the larger sample size, as would be expected, the
size distribution begins to approach a Gaussian distribution. The mean is 6.19 nm,
slightly larger than calculated on the smaller field. The standard deviation of this set
is 1.48 nm and once again, nearly 2

3
of sampled QDs, 1641 particles in this case, fall

within one standard deviation of the mean.
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Figure 3.22: TEM image of CdTe + MPA core-only QDs fabricated using method 2.
The QDs have orange fluorescence emission, indicating they are on the larger side.
The wider field of view shown here shows the dense distribution of QDs achieved on
the ultra-thin carbon grids. Figure 3.23 provides a zoomed-in view of this sample.
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Figure 3.23: Zoom view of core-only CdTe + MPA QDs fabricated using method 2.
The QDs exhibited orange fluorescence, which corresponds, to average particle diam-
eters of 3.21 ± 0.30 nm, as determined by analysis of the TEM images. The average
fringe spacing is 0.41 ± 0.03 nm
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Figure 3.24: TEM field of core-only QDs grown by method 3, the fast growth process.
These QDs were extracted after only 11 min growth time and exhibited green emission,
which indicates they are smaller in size.
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Figure 3.25: TEM field of core-only QDs grown by method 3. The particle diameters
are smaller, as expected, with an average diameters of 2.38 ± 0.22 nm. They are
consistent with the first sample in the measured fringe spacing, 0.42 ± 0.04 nm.
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Chapter 4

Substrates, Silanization and Immobilization

One of the primary goals of the project is the immobilization of the QDs. Their firm

adherence to a substrate is important to the mapping of their positions and the study

of their changing fluorescence as a result of the interaction with nano-materials. It

is important that the QDs do not move as a result of these interactions or when the

nano-material is added to the QD-containing substrate. The deposition of QDs on a

substrate that produces consistent, repeatable results, at a QD density that enables

characterization of individual QDs proved to be one of the most challenging aspects

of the project. The charged stabilized nature of QDs causes them to cluster, without

physically aggregating, irrespective of their dilution in solution. The result is that for

identical substrate preparation, QD dilution and QD deposition, it was not possible

to obtain consistent distributions of QDs across a substrate. This chapter identifies

the various substrates used for different experiments, and the preparation methods

(with procedures included in Appendix D). The challenges in dealing with charge

stabilized particles, the various QD dilution solvents that were tried and sample de-

position techniques that were used, in an attempt to fabricate reproducible samples,

are described. Finally, the importance and history of immobilization techniques are

discussed before ending with the success that has been achieved in obtaining con-

sistent distributions of QDs across the substrate by immobilization the QDs using
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self-assembly on substrates functionalized with an appropriate silane.

4.1 Substrates

The substrates used in each experiment depend on the instrument to be used in

sample characterization and the variables being studied. For example, in the case of

the fluorescence microscope, the substrates must be transparent since it is an inverted

microscope. In several of the AFM modes used, the substrate must be conductive

and silicon is used. In some experiments the substrate is nothing more than a mount

for the QDs being studied, in other cases, more attention to the choice of substrate

is required because the substrate may be expected to influence the behavior of the

QDs in the particular experiment and affect the variable being measured.

The variety of substrates used include borosilicate glass coverslips (VWR Vis-

taVision 22x22 mm, No. 1.5 Cover Glasses), p- and n-doped silicon wafers (Wacker-

Chemitronic GMBH, 100 orientation), and glass coated with an indium tin oxide

(ITO) thin film (Colorado Concept Coatings, LLC, soda lime/SiO2, 60 Ω/square).

Glass coverslips are used for all fluorescence experiments where a thin and trans-

parent substrate is required to accommodate the short depth of focus of the numerical

aperture (NA) 1.46 oil immersion microscope objective and the inverted format of the

microscope. The glass coverslips are occasionally used when doing contact AFM for

correlating the topographical characteristics observed with the AFM and the fluores-

cence characteristics observed with the fluorescence microscope; however the cover-
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slips have significant microscopic variability in surface roughness that impedes the

acquisition of topographical data of the QDs.

The Si wafers are used primarily in EFM and SEM experiments, which require

a conductive substrate. Silicon is only moderately conductive, but even with the

organic silane used to immobilize the QDs, which is an insulator, the resistivity across

the prepared sample is less than 1 MΩ, which is sufficiently conductive for EFM

experiments. A thin conductive coating such as platinum is usually required for SEM

imaging. Silicon wafers are the first choice in replacing the glass coverslips because

the chemistry involved is very similar as the silicon has a native silicon oxide layer

analogous to the glass coverslips. The choice of a p- or n-doped Si wafer is only

made consciously in photoexcitation experiments in which the charge density of the

substrate is expected to influence the charge and/or the charge environment of the

QDs and thus becomes an experimental variable.

ITO coated glass is used for photoexcitation experiments in which the substrate

needs to be both conductive for the EFM measurements and transparent for the laser

to pass through from below in order to photoexcite the QDs. In this case the substrate

chemistry changes a little, but the goal remains the same, functionalizing the surface

so the silane molecules, which immobilize the QDs, will attach to the substrate.

The first step to preparing a sample, regardless of the substrate or the intended

QD experiment is to chemically clean the substrates. The process removes organic

materials and generally etches the substrate material to expose a clean atomic layer
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with which to work, whether the succeeding step is substrate silanization or simply

QD deposition. Glass coverslips and Si wafers are cleaned by the same processes,

either oxygen plasma cleaning or a piranha bath. Thin film ITO must be treated

differently. Details of the cleaning methods employed for the various substrates may

be found in Appendix D.1

4.2 Sample Deposition

One of the greatest challenges to overcome in preparing effective samples for char-

acterization of the QDs, testing their immobilization and eventually moving toward

studies of QD interactions with nano-materials has been the deposition of QDs onto

the substrate. Aside from the necessity of QD immobilization, achieving a QD distri-

bution on the substrate that is neither too sparse as for there to be too few sample

points to characterize, nor too dense to distinguish individual QDs, and most impor-

tantly yields consistent, repeatable results has required a significant time investment.

Our early efforts with QDs focused on their fabrication and characterization. Since

initially immobilization was not necessary, the substrates were cleaned prior to sample

deposition, but not functionalized. Whether the substrates are O2 plasma cleaned

or cleaned in a piranha bath, any organic materials contaminating the substrates are

removed. The cleaning procedures yields an hydroxylated surfaces and the substrate is

hydrophilic; the aqueous QD solution spreads easily across the substrate. The primary

method employed for QD distribution on the substrate in early experiments was drop-
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casting, in which 10-50 µL of dilute QD solution was dropped by pipette onto the

prepared substrate, depending on the desired surface coverage and the hydrophilicity

of the surface. After O2 plasma cleaning, the substrates are especially hydrophilic

and a single 10 µL drop spreads out across the entire 22 mm2 substrate.

Despite consistency in sample preparation, sample characterization was plagued

by inconsistent samples with uneven and unpredictable distributions of QDs on the

substrate. One sample would show dense regions of QDs and large clusters and the

next sample prepared with the same substrate cleaning methods, same QDs and same

dilutions would be bare, with hardly a QD to be found. Figures 4.1 and 4.2 illustrate

this frustrating behavior. Figure 4.1 shows very different densities and distributions

for similar QD dilutions on identically prepared substrates. In Figure 4.2, two samples

prepared simultaneously by the same methods differ only in the concentration of QDs

deposited on the surface. The surprising difference between the samples in Figure 4.2

is that the image on the left, with a sparse distribution of QDs, was prepared using

a 500x dilution of QDs in purified water, and the sample on the right was prepared

with a 1000x dilution of the same QDs. The more dilute QDs, in this case, produced

a denser distribution of QDs on the substrate.

When the goal is to characterize the blinking, bleaching and spectral character-

istics of individual QDs, these inconsistencies are difficult to work with. For any

given sample it is impossible to predict the outcome. The distribution on the left in

Figure 4.1, while not a large sample size, is fine for making spectral and temporal
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measurements, but the other two samples in the middle and on the right are too

dense. There are likely single QDs in the field, based on blinking and spectral char-

acteristics, but the majority are clusters. Likewise, in Figure 4.2, in many cases a

dilution of 500x is too dense to isolate and characterize single QDs, but in this case

it is the more dilute 1000x sample that is too dense to characterize. The net result

is that a huge amount of time and resources are spent making multiple samples at a

variety of dilutions for each new batch of QDs with the hope of finding a few among

them, without correlation to the QD solution dilution, with a density and distribution

across the substrate that allows for QD characterization.

The dilution solvent is another variable to consider. QDs were alternately diluted

in purified water, IPA, PBS buffer and Tris buffer. There was some motivation to

dilute the QDs in buffer solution because this is necessary for anticipated experiments

involving proteins and lipids, which require the biological conditions and specific pH

provided by the buffer. There is evidence in the literature that pH adjusted post-

fabrication affects QD photoluminescence [47, 50, 55, 59]. If QDs will eventually be

diluted in buffer to create an environment compatible with proteins, it is important to

establish a control by studying QD fluorescence in buffer. QDs are sufficiently bright

that changes in the PL intensity were not expected to be a problem; however, since

the analysis of the QD-nano-material interaction is dependent on changes in the PL,

be it intensity or blinking behavior, it is important to establish a baseline.

The only dilution solvent that proved successful given our experimental param-
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Figure 4.1: An illustration of the variation in distribution and density that is ob-
served with identical QD dilution and sample preparation. The examples above were
each prepared by drop-casting CdTe + MPA QDs (fabricated in different batches)
on oxygen plasma cleaned substrates, all were observed immediately following sam-
ple preparation and were not left overnight. The left- and right-most samples were
diluted 300x, the middle sample was diluted 250x. Despite little difference in dilution
and identical sample preparation there is substantial difference in the density and
distribution of QDs on the substrate. In the first case there are only a few dozen QDs
in the FOV, though they appear well dispersed and not clustered; in the middle case
a dense line has formed and there are a mix of clusters and single QDs as indicated
by the blinking and spectral characteristics; the rightmost sample is dense and does
not show an even distribution. The spectral profiles below each image correspond
to a trace across a single point in the field above it and illustrate narrow spectral
peaks without elevated background fluorescence, indicating that while there are some
obvious clusters in the samples, there are also single QDs present.
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Figure 4.2: These samples illustrate the variability in QD distribution on the sub-
strate. QD distributions repeatedly do not show the expected density based on
QD dilution in solution. These two samples were prepared using the same batch
of CdTe/CdS + MPA QDs. The samples were prepared at the same time on O2

plasma cleaned substrates. The QDs are diluted immediately before use in purified
water, shaken to mix, not sonicated, drop-cast on the substrates, which were then
set on a hotplate at 45 ◦C until the water evaporated. The samples were immedi-
ately observed on the fluorescence microscope. The only difference between these
two samples is the dilution and while it is not what one would expect looking at the
images, it illustrates the kind of inconsistent behavior observed over and over in QD
distribution. The sample on the left was fabricated using QDs diluted 500x and in
the sample on the right the QDs were diluted 1000x, twice as dilute yet far more
concentrated on the sample. It should furthermore be explicitly stated that it can be
said with certainty that it is not a matter of looking near the edge or center of the
sample droplet to explain the difference. In drop-casting experiments the substrate
is filled with QD solution and observations are made near the center of the substrate
to avoid edge effects.
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eters, however, is purified water. We experimented with IPA for diluting QDs as it

is typically used to precipitate QDs to purify them from excess precursors in solu-

tion [35, 47, 58, 63, 74]. When a QD solution is dropped on a substrate, it requires

several hours for QDs to fall out of solution and adsorb on the substrate. For this

reason, we considered the possibility that diluting the QDs in a non-solvent would aid

this process, causing QDs to fall out of solution more rapidly. However, only a few

clusters could ever be found in any given sample indicating that the IPA was either

causing aggregation or otherwise quenching the QDs.

Initial experiments with buffer began with 100 mM Tris buffer (pH 9.0) since this

is the buffer used for CopB, the protein we intended to insert in the lipid membrane

and detect by way of the QDs. Experiments with Tris buffer as the dilution solvent

repeatedly yielded highly structured fluorescence, as illustrated in Figures 4.3 and

4.4, but no isolated fluorescing points as observed in Figure 4.2. Figure 4.3 is a set

of images acquired on a control sample of Tris buffer, without QDs, on an O2 plasma

cleaned substrate, and observed through each of six different emission filters. There

is substantial fluorescence from the buffer, which has a high constant background

that peaks at 705 nm and bright localized peaks throughout that are broadband

and peak at 525 nm. The second image, 4.4, is typical of the results observed when

QDs are diluted in Tris buffer. No individual points of fluorescence characteristic

of QDs are observed and instead, a highly regular fluorescent structure develops. It

is likely that the chemical make-up of Tris, shown in Figure 4.5, interferes with the
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QDs. Specifically, Tris contains an amine group, which will react with the carboxyl

groups in the stabilizing ligands, likely impacting the fluorescent characteristics of

the QDs or their behavior in solution and as deposited on the substrate, resulting in

the fluorescent structures observed in Figure 4.4.

As an alternative, we began working with phosphate buffered saline (PBS), which

does not contain amine; however, as Figure 4.6 illustrates, there is substantial fluores-

cence from this buffer as well, when excited at 365 nm. The sample in this example

is PBS buffer on a piranha etched substrate that does not contain any QDs. The

upper spectral profile corresponds to an especially bright point in the image which

shows broadband fluorescence that peaks at 525 nm. Measuring the spectral profile

of another arbitrary region of the image produces similar results, shown in the lower

spectrum. There is elevated fluorescence in the 525 nm band, but no substantial

spread in the other wavebands. Figure 4.7 demonstrates a case for QDs diluted 250x

in PBS buffer. An acceptable distribution of QDs is achieved and the QDs observed

in the sample are likely single, as evidenced by their blinking behavior. Nonetheless,

the background fluorescence due to the buffer is substantial and changes over the

course of observation as the buffer dries due to the heat of the excitation source and

forms salt crystals.

The best results have repeatedly been achieved using purified water to dilute the

QDs. The water is typically filtered through a 0.1 µm PVDF filter before use as there

were problems at times with contamination in the sample arising from the water
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Figure 4.3: Tris buffer (without QDs) on an O2 cleaned substrate excited at 365 nm
with fluorescence shown in 6 emission channels, 525 nm through 705 nm, as labeled,
each frame is 82 µm2. A line profile drawn through a particularly bright portion of
the fluorescence image shows the general background level to be elevated at 705 nm
and that peak fluorescence of localized bright spots peak at 525 nm. Notice, as well,
the formation of structures assumed to be a result of salt crystals from the buffer.
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Figure 4.4: Illustration of highly structured fluorescence observed for QDs diluted in
Tris buffer. The QDs in this sample are CdTe + CA, diluted 1000x in 100 mM Tris
buffer (pH 9.0) and drop-cast on an O2 plasma cleaned glass substrate. The patterned
fluorescence is typical of all QD-in-Tris samples. No samples of point fluorescence from
QDs were detected, only broadband fluorescence, as illustrated in the spectral profile,
where there is equal emission across all filters except for elevated fluorescence in the
525 nm band, which is typical in the presence of water.

Figure 4.5: Chemical structure of Tris(hydroxymethyl)aminomethane, Tris buffer.
The amine group is likely the source of the incompatibility with our QDs, which have
carboxylic acid functional groups. The goal is for the functional group in the ligand
to covalently bond with the amine groups in the silane. An amine group in the buffer
likely interferes with this chemistry. Even without the silane present, the bonding
of the Tris molecules with QDs likely affects the fluorescence characteristics of the
QDs and possibly explains the regular fluorescent structures such as that shown in
Figure 4.4 and the lack of point of fluorescence from QDs in all Tris-diluted samples



92

Figure 4.6: Example of the fluorescence observed from PBS buffer with excitation at
365 nm. In this sample PBS buffer is drop-cast on a piranha etched substrate. The
QD-free buffer shows a lot of structure, likely from the buffer salts, as well as elevated
fluorescence. The fluorescence is nearly equal in all bands except at 525 nm, which is
typically slightly higher in the presence of water. The upper spectral profile is for the
localized bright point in the image, showing a peak in 525 nm, but following the same
spectral trends as the rest of the sample. The lower spectral profile is representative
of other regions of the image.

source. It has mistakenly been understood that the water source used throughout the

experimental process is deionized water; however, it has recently come to light that

the system is actually a Culligan Reverse Osmosis Filtration system. The filtration

system contains a particle filter to screen particulate matter, an activated carbon filter

that removes chlorine from the water, a reverse osmosis membrane to reduce dissolved

substances and microscopic impurities and finally an arsenic filter, perchlorate filter,

carbon block filter and a post carbon filter. Water from this source is not used in the

QD fabrication process; water for QD fabrication is sourced from a proper DI water

filtration system. The PVDF filtered water from the Reverse Osmosis Filtration

system is only used for diluting QDs for sample preparation. Given that the water
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Figure 4.7: CdTe + MPA QDs diluted 250x in PBS buffer deposited on a piranha
etched glass coverslip. There are a few clusters, but the majority of the point-
fluorescence are likely single QDs as indicated by their spectral characteristics and
fluorescence blinking. Reasonable dispersions of QDs can sometimes be obtained us-
ing PBS buffer, however the fluorescence from the buffer itself and the formation of
crystalline structures due to the salt crystals in the buffer interfere with QD charac-
terization. The spectrum shown is for a single bright point in a region with a dark
background and shows the narrow spectral peak characteristic of QDs.

is not deionized, it would be interesting to explore whether this plays a role in the

ongoing blinking characteristics of the QDs, which is understood to be a function of

the local environment and in particular local charge. The pH of the water tends to

be quite low, typically in the range of pH 5.6 - 5.8, which is true of DI water systems

as well.

The samples shown in Figures 4.1 and 4.2 were diluted with purified water. These

two samples demonstrate the inconsistent distributions that do not correlate with the

concentration of QD solution. That said, the fabrication of a sufficient quantity of

samples prepared using a variety of dilutions from any given batch of QDs typically
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yields a few samples with QD distributions on the substrates that are dilute enough to

make measurements of spectral and temporal characteristics on individual QDs, yet

dense enough to have a significant sample size. For this reason, despite inconsistent

results overall, the method of dilution in purified water for deposition on O2 cleaned

substrates continued to be pursued.

It was eventually found that a greater level of consistency could be achieved if the

samples were left overnight. Leaving the sample solution to sit on the substrate for

several hours or even days before observation allows the QDs to fall out of solution

and adsorb on the substrate surface, resulting in more consistent distributions of

QDs on the sample substrate and with a density that correlates with the solution

dilution. However, an additional challenge in controlling the deposition of QDs on

the substrate is the small volume of aqueous QD solution dropped on the substrate.

The volume of liquid does not change substantially when left on the substrate in a

sealed petri dish overnight, but during observation the heating due to the excitation

source rapidly evaporates the small volume of liquid. The liquid evaporating causes

QDs to rapidly fall out of solution and the density of QDs on the substrate surface

changes substantially over the course of observation and often results in clustering.

In order to obtain samples with a distribution of QDs on the substrate that did not

change during the observation time, we began drying the substrates on a hotplate

at ∼ 45 ◦C until the water is visibly dry. This results in significant improvements

in the distribution of QDs on the substrates and proves repeatable. A water droplet
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does not dry evenly; the high surface tension of water causes the QDs in the aqueous

solution to be wicked toward the edges. The result is that regions near the center

can be found with an acceptable distribution of QDs, but near the edges of where the

droplet was, a very bright, highly fluorescent, dense ring of QDs forms where QDs

cluster as the water dries.

Establishing a method to produce reasonably consistent distributions of QDs

across the sample substrate allowed characterization of the QDs as deposited on

the substrate. The next step was to work on the immobilization of the QDs on the

substrate. The deposition methods described so far may have achieved some level

of electrostatic immobilization based on the charge of the particular ligand capping

the QDs and its interaction with the negatively charged hydroxylated substrate, but

there were not explicit efforts to immobilize QDs to this point.

4.3 Immobilization of Quantum Dots

One of the fundamental elements required to achieve the end goal of the project

is the immobilization of the QDs on the substrate. The immobilization of QDs is not

new; however, immobilization for the sake of immobilization, which is accomplished

in a manner that does not interfere with the QDs or the experiment becomes a

greater challenge. The vast majority of QD immobilization that has been studied

has been with the intent of using QDs as fluorescent tags to locate the molecule

under study where the molecule is immobilized and by extension the QD is also
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immobilized. Most cases in which QDs have been immobilized have employed large

biological molecules [72, 77–80]. For example DNA is an excellent candidate; single

stranded DNA is immobilized on a thiolated gold substrate and the QD is tagged

with the complementary DNA strand, which will hybridize with the tethered strand.

The result is the immobilization of the QD and the DNA and the ability to identify

the location of the DNA [77, 81]. Another common method of immobilization is the

preparation of biotin functionalized substrates. The QDs are bio-conjugated with

streptavidin which hybridize with the biotin to immobilize the QD-protein structure

[78]. A variation on the same technique uses a neutravidin template on the substrate

which hybridize with QDs that have maltose binding protein and avidin coordinated

to the surface [72]. There are even examples were silane is used in the immobilization,

such as in immobilizing the biotin on the glass substrate by way of silane [78], but

the silane is not typically employed with the intent of using the functional group in

the silane to bond directly to the functional group in the stabilizing ligand of the QD,

directly immobilizing the QDs.

Regardless of the purpose for QD immobilization, the method of using large bi-

ological molecules for immobilization will not serve our needs in employing QDs as

sensors in nanoscopy. The biological molecules can be several times the size of the

QDs themselves, thereby defeating the advantaged gained by the small size of QDs

and inhibiting the detection of molecules with nanometer resolution. Figure 4.8 illus-

trates the relative size and dimensions of the immobilization molecules as compared
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(a) (b)

Figure 4.8: Large biological molecules immobilizing QDs. When the immobilization
molecule is substantially larger than the QD, it subtracts from the benefit gained by
the small QD size. 4.8a illustrates a protein-QD complex constructed by Sapsford, et
al. in which a QD has had maltose binding protein (MBP) and avidin coordinated
to the surface and is immobilized by the hybridization of the avidin with neutravidin
on the substrate surface [72]. The overall height of the structure is 40 nm. In 4.8b,
Bouabdallaoui et al. achieve immobilization by a similar method in which biotin is
first attached to the substrate using the silane APTES, and the streptavidin tagged
QDs hybridize with the biotin [80]. Figures used with permission from the cited
papers. Figure 4.8a Adapted with permission from [72]. Copyright 2004 American
Chemical Society.

to the QDs.

In order to preserve the advantage of the few nanometer diameter of QDs, our goal

is to immobilize the QDs in a more direct fashion. Our first efforts took advantage of

the charged nature of the QDs and used electrostatic immobilization, which has also

been employed by others [79,82–84]. The drawback of this system is that electrostatic

bonds are not strong and are easily disrupted by environmental changes and are thus
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not dependable when we add proteins or other molecules into the environment to look

for changes in the fluorescence behavior.

Our next effort was to try silane, which forms very strong, stable bonds to the

substrate. Silanes contain functional groups that covalently bond with the ligands

stabilizing the QDs, firmly immobilizing the QDs. Silanes are small, form thin self-

assembled monolayers, are transparent, which is important for fluorescence experi-

ments, and are highly customizable.

4.4 Surface Silanization

Organofunctional silanes are a widely used method of covalently bonding a mol-

ecule to a surface by functionalizing the surface with amine, carboxyl, thiol or vinyl

groups [85–88]. Surface functionalization by use of a silane has been used to im-

mobilize a wide range of polymers and biomolecules including DNA, oligonucleotides,

kinesis, streptavidin and proteins [78,85,89,90]. Generically, an organofuctional silane

is a molecule that “combines organic chemistry of organofunctional groups with in-

organic chemistry of silicates to bridge the hydrophilic interface between mineral

substrates and organic molecules...” [91]. In our case, the “mineral substrate” is the

SiO2 of glass coverslips and Si wafers or ITO film on glass. The organic molecules

are the ligands on the QDs, including cysteamine (CA), thioglycolic acid (TGA)

and 3-mercaptopropionic acid (MPA), which have various carboxyl and amine groups

available to bond with the functionalized substrate.
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The basic chemical formula of an organofunctional silane molecule is X3SiY. At

the core is silicon. On one end, represented by X, is the hydrolyzable -alkoxy group.

This is the group that will react with the prepared substrate surface. In our case, the

glass coverslips, Si and ITO surfaces will all have an −OH terminated surface after

cleaning. The hydroxyl groups readily react with the -alkoxy group in the silane.

The silanes considered over the course of this research are shown in Figure 4.9 and

include 3-glycidoxypropyltrimethoxysilane (GLYMO for short, also seen as GPTMS,

GPTS, GOPS or GPS in the literature), (3-aminopropyl)triethoxysilane (APTES)

and N1-[3-(trimethoxysilyl)propyl]diethylenetriamine (DETA or triamino-APMS), see

Figure 4.9. For these silanes, the hydrolyzable group that first forms a hydrogen bond

to the−OH groups on the surface, are the methoxy groups in GLYMO and DETA and

the ethoxy groups in APTES. The silicon in the silane usually only forms a single bond

to the substrate. The other two silanols of the molecule typically condense, which

is to say neighboring silane molecules bond, creating a cross-linked siloxane polymer

of Si−O−Si bonds [92, 93], resulting in a strong, stable polymer on the substrate.

One challenge encountered when working with silane molecules is self-condensation

or polymerization, where individual silane molecules attach to one another before

they have bonded to the substrate surface [92, 94]. This polymerization behavior is

the source of the small 1.5 nm particles observed in AFM topography images, as

described in Section 3.3.

On the other end of the silane molecule, represented by Y, is the organofunctional
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(a) GLYMO (b) APTES

(c) DETA

Figure 4.9: Chemical structure of the three organofunctional silanes worked with over
the course of this research. The anchor ends are methoxy groups for GLYMO and
DETA and ethoxy for APTES. The functional groups that react with the ligands on
the QDs include an epoxy ring for GLYMO, a single amine group in APTES and a
primary and two secondary amines in the case of DETA. Figures from Sigma-Aldrich,
www.sigmaaldrich.com.

group. This is the functional group that will point outward from the substrate surface

to covalently bond with a functional group on the QDs. In our case, the functional

groups are an epoxide ring in GLYMO and amines for both APTES and DETA.

Organofunctional silanes are widely used for surface functionalization in large part

due to this modifiable structure where the X and Y groups are highly customizable.

In particular, the Y-functional group that bonds with the QD can be designed to

form very strong covalent bonds, making an especially effective immobilization tool.

Furthermore, a self-assembled monolayer (SAM) formed by an organosilane, is very

stable due to the covalent siloxane bonds between the silane and the surface and
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between neighboring silanes [95] making the long term immobilization dependable.

The procedure for silanizing the substrates may be found in Appendix D.2. The

switch to functionalizing the substrates with silane in order to immobilize the QDs

met with the same inconsistencies in QD distribution as observed without the silane.

The silanized substrates, unlike the O2 plasma cleaned or piranha etched substrates,

are hydrophobic and the aqueous QD solution does not spread across the substrate.

Spin-coating the QD solution on the silanized substrate was not a successful dispersion

technique as the QD solution would simply fly off the hydrophobic substrate. Drop-

casting, which was found to produce the most consistent results on the bare substrates

as well, proved a better option. Sufficient solution to fill the substrate was deposited

and the sample was left to sit for a minimum of two hours or overnight, which allows

time for QDs to fall out of solution and adsorb on the functionalized substrate. Just as

for the bare substrates, shorter periods between preparation and observation revealed

inconsistent results in how many QDs were observed. Even for identical preparation

time and techniques, consistent results were difficult to achieve. Figure 4.10 illustrates

the ongoing inconsistencies for DETA silanized substrates. In the example, the three

images are acquired from three different samples prepared simultaneously with an

identical process. The substrates were DETA silanized simultaneously, the CdTe/CdS

+ MPA QDs were diluted 600x in purified water and each substrate was filled with

QD solution and left two days at 4 ◦C sealed in a petri dish to allow plenty of time for

QDs to fall out of solution and adsorb or chemisorb on the functionalized substrate.
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Figure 4.10: The three samples above were captured from three separate samples
all prepared at the same time. The glass coverslips were DETA silanized and the
CdTe/CdS + MPA QDs were filtered and sonicated before diluting 600x in purified
water. The substrates were filled with QD solution and left in a sealed petri dish
at 4 ◦C until observation. The samples were prepared two days prior to observation
allowing plenty of time for QDs to fall out of solution and bond to the DETA func-
tionalized substrate. Despite identical preparation methods the distribution of QDs
encountered across the three samples varied substantially. The left most image has
clusters large and small on a dense background of possibly single QDs; the center
image is a very dense mat of single QDs, as indicated by blinking and the sharp
narrow peak in the spectral profile of individual points; the last image is exclusively
broadband clusters with no evidence of single QDs.

Despite an identical and simultaneous preparation process, substantially different

QD density and distributions were encountered across the three substrates varying

from highly clustered to not clustered but extremely dense. These results typify the

lack of uniformity in QD distribution we continued to observe in sample preparation

irrespective of QD dilution when we began using silanized substrates.

After considerable consternation, positive strides in repeatable density and distri-

bution of QDs across the functionalized substrate were achieved with the implemen-

tation of self-assembly methods. For self-assembly, the QDs are diluted in a beaker
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of purified water, filtered by a 0.1 µm PVDF filter, with sufficient volume to stand

the 22 mm square glass coverslips vertically. The silane functionalized substrates

are held vertically in the solution where the duration of immersion in solution and

the concentration of QD solution are trade-offs. A more concentrated solution allows

short self-assembly times, but a longer self-assembly time permits greater control over

the timing and density. Holding the samples vertically helps to ensure that the QDs

attach to the functionalized surface by the desired covalent bond rather than simply

adsorbing on the surface. For the horizontal substrates filled with QD solution, the

QDs, aided by gravity, may fall out of solution to adsorb on the substrate without

chemisorption necessarily. When the samples are withdrawn from the QD solution

they are immediately rinsed with purified water, either by dipping in a beaker of wa-

ter, swishing in water, gently squirting with water using a squirt bottle or forcefully

rinsing with the water nozzle. Rinsing is necessary to remove any QDs that may be

only sitting adsorbed on the surface without being fully chemisorbed. The selected

method of rinsing serves as a test of how securely immobilized the QDs are by the

silane. After rinsing, excess water is wicked off the substrate by touching a Texwipe

to the edge of the substrate. The substrates are then placed in a petri dish on a

hotplate at ∼ 45 ◦C until any remaining water has evaporated. For EFM experiments

it is particularly important that all water be removed from the substrate so these

samples are placed in an oven at 70 ◦C under vacuum for at least 2 hrs.

Initial experiments using self-assembly on the silanized substrates to deposit the
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QDs were modeled after the parameters found to yield the most consistent results by

drop-casting. As such, in initial self-assembly experiments QDs were diluted 500x in

filtered purifed water and substrates were submerged in solution for as many as 40 hrs.

While in drop-casting experiments, which should essentially behave as gravity-assisted

self-assembly, this was a reasonable time that produced fairly consistent results, to our

surprise this immersion time resulted in an extremely dense, though fairly uniform,

layer of QDs across the surface. Other deposition techniques required a hunt-and-peck

step when searching for the QDs on the substrate; much of the substrate would be

bare and the QDs might occasionally be found nicely distributed, but often clustered,

in an isolated region of the substrate. Using self-assembly, we were delighted to

find that whatever the result, even if the density of QDs was too high, the same

distribution of QDs was found everywhere across the substrate. Uniform distribution

over the whole substrate marked significant progress in itself. Due to the slow process

observed by drop-casting methods, we expected the kinetics of self-assembly to be

diffusion controlled and thus started with long immersion times, which resulted in

dense QD coverage and significant clustering. We repeated the experiment cutting

down the immersion time from many hours to several hours to minutes then seconds,

continuing to find the same dense, uniform coverage. It was reassuring to discover

repeatable results and to find uniform coverage across the whole substrate; however,

the density of coverage continued to be too high to permit analysis of individual

QDs by fluorescence imaging. Recall that for the fluorescence microscope with the
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NA 1.46 objective, the minimum spacing between QDs on the substrate, in order to

be detected as separate QDs must be 209 nm. Figure 4.11 shows the dense distributon

and clustering obtained after a long immersion period, 17 hrs in leftmost frame. The

next two images, for 3 min in the middle and 30 sec on the right, show the decreased

clustering yet uniform coverage obtained with shorter immersion times. A 30 sec

immersion time produces good results in that there is less clustering observed and a

fairly uniform, dense layer of QDs. Figure 4.12 zooms-in on these last two samples

to allow a closer look at the distribution and spacing of individual QDs. At this

point, consistent samples that have a uniform density of QDs across all regions of the

substrate can be repeatedly produced.

The desired density of QDs is dependent upon the tool being used for characteri-

zation. For fluorescence characterization, the 30 sec example illustrated on the right

in Figure 4.11 is almost too dense to isolate individual QDs with neighboring QD-free

background regions for doing background subtraction. For characterization by any

AFM modality, however, a much more dense sample is desired in order to have a

sufficiently large sample size for characterization within a scan region on the order of

a micron. A dilute solution of QDs so as to yield approximately one QD every 200 -

300 nm is desired for fluorescence microscopy, but this results in fewer than two dozen

QDs in a 1 µm AFM scan. For AFM, a distribution that results in QD spacing on

the order of 1-2x the QD size provides a larger sample population and may be easily

characterized. 30 sec is also about the shortest immersion time one would want to
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Figure 4.11: Samples illustrating the effectiveness of self-assembly of QDs on DETA
silanized substrates. The CdTe/CdS + MPA CS QDs were diluted 1000x in purified
water. The sample on the left was immersed in QD solution for 17 hrs, the middle
sample for 3 mins and the right sample for 30 sec. A long immersion time produces
a dense layer of single QDs and increasingly large clusters. The middle sample shows
a few clusters but results primarily in a very dense layer of single QDs. For a 30 sec
immersion time, fewer clusters result and the single QDs are still dense but more
distinguishable. In the later case there is no elevated background fluorescence. The
spectral profile of a single point in the image shows the characteristic narrow emission
of a QD while in the other cases the spectra show slightly elevated backgrounds due
to the dense layer of QDs.

use as shorter times are more difficult to control and result in greater variability. To

achieve a lower concentration of QDs across the substrate, the QD dilution should be

increased from the 1000x used for these samples. More dense samples as desired for

AFM imaging should be prepared by longer immersion times, with the trade-off that

longer immersion times result in greater clustering.
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Figure 4.12: Zoom on the 3 min (left) and 30 sec (right) samples shown in Figure 4.11
for CS QDs on DETA silanized substrates. The 3 min sample is very dense and
it would be difficult to analyze individual QDs and to perform local background
subtraction as it would be difficult to isolate a QD-free section of background near each
QD sample. The 30 sec sample is also still quite dense, though perhaps sufficiently
dilute for analysis.
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4.5 Characterization of QD Immobilization

4.5.1 3-glycidoxypropyltrimethoxysilane (GLYMO)

Initial experiments to immobilize QDs on a substrate using a silane began with

GLYMO because it is a readily available, well-known, commonly employed silane de-

scribed in the literature [93,96–99]. At the time of initial immobilization experiments,

the ligand used to stabilize QD growth was cysteamine (CA), see Table 2.1, which

has an amine functional group. This meant we required a silane with a functional

group that would form a covalent amide bond. The functional group in GLYMO is an

epoxy ring; the amine and epoxy react and form a strong hydrogen bond, therefore

making GLYMO a good candidate for QD immobilization. However, experiments

using GLYMO proved unsuccessful, if not in the QD immobilization itself, in the

distribution of silane on the substrate, the distribution of QDs on the silane and the

resulting fluorescence characteristics of the QDs.

The preparation of GLYMO silanized substrates is described in Appendix D.2.

Achieving uniform coverage of GLYMO across the substrate surface proved difficult.

In the spin-coating method, the GLYMO spread unevenly and there were often regions

of the substrate that were visibly not coated with silane. We expected drop-casting,

which essentially functions as a self-assembly technique aided by gravity, would yield

better coverage; however, the method did not show improved QD distribution. It is

unclear whether the source of difficulty arose from imperfectly silanized substrates,

QDs not bonding to the silane or whether the silane quenched the QD fluorescence.
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In either case, fluorescing QDs were not found on the GLYMO silanized substrates

and when they were, the QDs were not conclusively located on a silanized portion

of the substrate. Employing the knowledge we have gained in the methods of self-

assembly since the time of these experiments, it may be interesting to repeat the

experiments using self-assembly of GLYMO on the substrate surface and again for

evenly distributing the QDs on the silanized substrate.

An additional challenge beyond the even distribution of GLYMO on the substrate

was the distribution of QDs across the silane. GLYMO is extremely hydrophobic

and as a result, neither drop-casting nor spin-coating aqueous QD solution onto the

substrate proved effective in evenly distributing QDs across the substrate. In the

case of drop-casting, the droplet remained a tight, steep sided droplet and did not

spread across the surface. Samples were typically spin-coat after drop-casting and

the hydrophobic nature of the surface would cause the droplet to fly off the substrate

instead of spreading and distributing QDs. In an effort to distribute the QDs across

the silane, we experimented with dragging the droplet across the surface using the

tip of a pipette. All of the methods of distributing QDs on the GLYMO silanized

substrate resulted in irreproducible results or no fluorescence from QDs at all.

Beyond visual observations of the distribution of silane and QD solution on the

substrates during the sample fabrication process, the samples are characterized using

the fluorescence microscope to evaluate the results. Figure 4.13 serves as a non-

silanized control sample as a reference point for the fluorescence observed from the
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Figure 4.13: Time series of a non-silanized control sample: CdTe + CA QDs deposited
on a piranha etched glass substrate. There is a mix of single blinking QDs and large
clusters. The images are snapshots extracted at the beginning, approximately the
halfway point and the end of a 3 min time series, with an 800 ms exposure time per
frame. Initially, the large clusters dominate the field. Under continuous illumination,
the clusters bleach. Meanwhile, many small points of fluorescence become apparent,
likely a result of the excitation source drying the droplet of sample solution and
causing QDs to fall out of solution. The small fluorescing points that appear near the
end are also blinking, indicative of single QDs. Each frame is an 82 µm2 field.

QDs used in the GLYMO experiments, CdTe + CA fabricated by method 1. The

sample deposition methods employed at the time, spin-coating and drop-casting, did

not produce repeatable results and often left a mix of single QDs and large clusters on

the substrate, even on the highly hydrophilic piranha etched surfaces. An even distri-

bution of QDs across the substrate is not obtained by these distribution methods, but

the results shown in Figure 4.13 are typical of the distributions observed. The exam-

ple serves as a useful reference point to compare with QDs on silanized substrates. In

the control sample in Figure 4.13, the substrate is cleaned in a piranha bath, but not

silanized. The CdTe + CA QDs are diluted 250x in Tris buffer (100 mM, pH 9.0) and

spin-coated on the substrate. The figure illustrates three snapshots extracted from a
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3 min time series acquired using an 800 ms exposure time with the 565 nm emission

filter (the measured peak PL for the batch of QDs is at 572 nm). Large scattered

clusters are observed uniformly distributed across the sample. Some slow blinking is

observed as well, indicative of single QDs or small clusters. As time goes on, there

is a significant increase in the number of small points of fluorescence, likely due to

QDs falling out of solution to adsorb on the substrate. The effect causes the sample

to change rapidly during the acquisition as the heat of the excitation source dries the

buffer solution.

This characteristic where QDs require a long time to fall out of solution and

adsorb on the substrate surface, as well as that of the sample solution drying over the

course of observation, are factors that, as we gained experience in sample preparation,

we learned to control for more consistent results. In later samples, QD solution is

deposited on the substrate and left in the refrigerator overnight in order to allow

ample time for QDs to fall out of solution and adsorb on the substrate. Alternatively,

after spin-coating, the sample is put on a hotplate just long enough to dry so that the

excitation source does not dry the sample during observation, changing the results in

the process. As discussed in Section 4.2 on sample deposition, the best results were

achieved when we began using self-assembly methods for both the deposition of a

silane on the substrate and for the attachment of QDs to the silane. Unfortunately,

this lesson came late in the experimental process and after experiments performed

with GLYMO functionalization.
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(a) Fluorescence Image (b) Transmitted Illumination (c) Fluorescence Image

Figure 4.14: CdTe + CA QDs spin-coated on GLYMO functionalized substrates.
The GLYMO is also deposited by spin-coating. The images on the left and right are
fluorescence images of identically prepared samples several months apart, yielding
consistent, if undesirable, results. The center image is the transmitted light illumi-
nation of the same field as on the left, illustrating that the patches of fluorescence
correspond to physical structure on the substrate surface. The left image is a fluores-
cence image acquired at 525 nm, the fluorescence image on the right was acquired at
565 nm. The fluorescence in both cases is broadband with no evidence of the presence
of QDs. Each frame is an 82 µm2 field.

In contrast to the non-silanized control sample, Figures 4.14-4.16 illustrate samples

fabricated with the CdTe + CA QDs on GLYMO functionalized substrates. The first

point to note is how different each of these samples is from the others, marking

the inconsistent results obtained in GLYMO silanization experiments. For GLYMO

functionalized substrates prepared by the spin-coat method, Figure 4.14 illustrates

typical scenes observed of vague fluorescing amorphous spots. It is unclear whether

the fluorescence is due to the GLYMO itself or whether the GLYMO has formed

islands on the substrate where the QDs have attached, though single QD points

cannot be resolved. The two fluorescence images on the far left and far right in
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this figure are fabricated using fresh GLYMO (mixing on a stir plate 24 - 48 hrs).

The GLYMO is spin-coat on piranha etched substrates and baked, followed by spin-

coating fresh CdTe + CA QDs used within 2-3 days of fabrication. These identically

prepared samples were fabricated two months a part and produced the same fuzzy

results. The center image, 4.14b, is the transmitted illumination image corresponding

to the same field as 4.14a, demonstrating that the amorphous blobs correspond to

physical structure in the silane on the substrate observed optically, not merely as

fluorescence.

Incongruously, the scene in Figure 4.15 was observed on the same sample as shown

in 4.14a-4.14b, on a different region of the substrate. Scanning the substrate, the

majority of the sample appeared as shown in 4.14a; however, the field in Figure 4.15

appears quite different. The region in Figure 4.15 lacks the fluorescing amorphous

blobs, and instead has the same small, blinking, fluorescing clusters as observed in

the control sample in Figure 4.13. As in the case of the control sample, as the time

series proceeds (left to right, top to bottom), an increasing number of small points

of fluorescence become apparent as the buffer dries. This region is similiar to the

control sample, inconsistent with other regions on the same sample and inconsistent

with other GLYMO samples. This combination in conjunction with the knowledge

that the GLYMO often spread unevenly across the substrate surface, implies that it

is likely that this region of the sample is not covered with GLYMO. Though it cannot

be confirmed, the region in Figure 4.15 is likely QDs on a bare piranha etched surface.
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Figure 4.15: Snapshots extracted from a time series acquired on a sample of CdTe +
CA QDs diluted in 100 mM Tris buffer (pH 9.0) and spin-coat on a GLYMO function-
alized substrate prepared by spin-coating. Initially there are clusters of various sizes
and some blinking QDs. Elapsed time is indicated on each frame, as time proceeds
many more points of fluorescence appear, likely an effect of the excitation source dry-
ing the puddle of buffer on the substrate, which still contains QDs, causing them to
fall out of solution. This region of the sample is distinctly different than the rest of
the same sample, as shown in Figure 4.14c. It seems most likely that these are QDs
on a region of bare substrate that did not get coated with GLYMO. Each frame is an
82 µm2 field.
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(a) (b) (c)

Figure 4.16: Examples of CdTe + CA QDs diluted in 100 mM Tris buffer (pH 9.0)
on substrates functionalized with GLYMO using the drop-coat method for GLYMO
deposition. As illustrated by the very different appearance of two different samples
prepared by this method in (a) and (b), results by this method were inconsistent,
showing evidence of fluorescence, but not of any single QDs as would be indicated by
narrow spectral profiles or blinking behavior. The spectral profile on the right is of
the fluorescing cluster marked in (b), which shows broadband fluorescence peaked at
525 nm, which is not characteristics of fluorescence emission of QDs. The spectral
profile shown is consistent with the spectral characteristics of the various clusters,
isolated as in (b) or extended as in (a), observed with this sample preparation method.
The two fluorescence images are each 82 µm2 fields.

If this is in fact the case, that GLYMO silanized regions do not show evidence of QDs,

but regions that were missed with GLYMO show fluorescing QDs, it suggests that

either the QDs are quenched by the GLYMO or perhaps are altogether repelled from

the strongly hydrophobic GLYMO surface.

The second method used in preparing GLYMO silanized substrates, drop-casting,

also produced inconsistent results that were no more effective in terms of observing

immobilized QDs on the silanized substrate. In samples prepared via the drop-cast

method, which should ensure complete coverage of the surface with GLYMO, there is

again amorphous fluorescence, Figure 4.16. There are no large blobs as seen before,
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instead there is consistent clustering; there are frequently large extended clusters of

various shapes and sizes as in 4.16a, and other times isolated but irregularly shaped

clusters as in 4.16b. It may be suggested that the GLYMO is not forming a uniform

monolayer across the surface but is forming isolated patches where the QDs attach;

however, no blinking was observed in any of these samples, which is a strong indicator

that there are no single QDs present. Furthermore, spectral data on these extended

clusters indicate they are unlikely to be QDs. The spectral profile, shown in 4.16c

of the cluster circled in 4.16b, demonstrates that the clusters are broadband, with

fluorescence emission across all filters and a strong peak at 525 nm. A cluster of QDs

is more broadband than single QDs due to the inevitable distribution of QD sizes,

however the fluorescence of the QDs in these samples iss centered at 565 nm and the

peak shown in the profile is at 525 nm. Broadband fluorescence peaked at 525 nm is

consistent with junk or contamination observed in samples.

The goal of the silanization is QD immobilization; therefore, despite uncertain

results in fluorescence observations of QDs on GLYMO, experiments were carried out

to test the immobilization of the observed fluorescing clusters. One method of doing

this is to drop buffer or water on the substrate using a pipette during the acquisition

of a time series, allowing the effect on the scene to be observed and recorded in real

time. In the case of spin-coat GLYMO, the whole scene disappears and there is no

fluorescence to be observed, as shown in Figure 4.17, which illustrates 4 snapshots

excerpted from a time series. The first at top left is the frame immediately preceding
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Figure 4.17: Frames excerpted from time series data acquired on a sample of CdTe +
CA QDs diluted in 100 mM Tris buffer (pH 9.0) spin-coat on a GLYMO functionalized
surface that was prepared by the spin-coat method. The intention is to test the
immobilization of particles as achieved using GLYMO by using a pipette to drop
buffer onto the substrate during acquisition to look for the movement of particles
as a result. Top left is the frame immediately preceding the addition of buffer, top
right is the immediately succeeding frame where nothing appears to have moved,
but the overall brightness of the image has dropped substantially. The bottom left
panel is 3 frames later. Fluorescing clusters still appear in the same locations, but
are substantially fainter. By the last panel, < 4 secs after the addition of buffer, no
fluorescence is observed in the scene. The nature of the fluorescing clusters is to be
debated, they are unlikely to be single QDs, but they do appear to be immobilized
by the GLYMO as drop-casting buffer on the solution seems to cause quenching, but
not movement.



118

Figure 4.18: A sample in which CdTe + CA QDs diluted in 100 mM Tris buffer
(pH 9.0) were spin-coated on a GLYMO functionalized substrate prepared by drop-
casting. Initial fluorescence images were consistent with observations shown in Fig-
ure 4.16a. When buffer was added to the substrate to test immobilization of the
fluorescing particles, the large extended cluster remained, for the most part, but
slowly expanded and changed shape as a result of the fluid present. Afterwards,
scanning around the substrate, circles of fluorescence like those shown here were scat-
tered around the substrate, which might imply there were particles that were not fully
immobilized by the GLYMO and moved as result of the buffer and were redeposited
in other places across the substrate.

the addition of buffer, the top right is the immediately succeeding frame where the

overall brightness of the scene has dropped significantly. Bottom left is 3 frames later,

2 sec later, some of the same fluorescing clusters may be observed, but they have faded

substantially, and two frames afterwards, bottom right, 4 secs after the addition of

buffer, no fluorescence is observed in the scene. Note that nothing is observed to

float away with the addition of buffer in this case, the fluorescence instead appears

to quench as a result of the buffer. This implies that whether or not the source of the
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fluorescence is QDs, GLYMO or contamination, the fluorescing clusters appear to be

immobilized and the buffer is quenching the fluorescence.

In the case of GLYMO prepared by drop-casting where large clusters of fluores-

cence are observed, as in Figure 4.16a, the addition of water causes slow changes

in the structure of the fluorescing clusters, which slowly expand and change shape.

The macro-structure of the fluorescing material remains largely the same. Scan-

ning around the sample afterwards, fluorescing rings are found, as in Figure 4.18.

The change in sample appearance after water implies that fluorescing materials have

moved and have been re-deposited on the substrate. This suggests, assuming these

fluorescing structures are clustered QDs, that some may be covalently bound to the

silane and therefore do not move with the addition of water, while others are merely

adsorbed on the surface or not bound at all to the surface but instead are clustered

vertically with neighboring QDs and free to move with the addition of water.
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4.5.2 N1-[3-(trimethoxysilyl)propyl]diethylenetriamine (DETA) silane

After experiments using GLYMO produced mixed results, we made a decision to

try to reverse the chemistry of the covalent bond. Amine bonds are strong and we

wanted to continue working with that chemistry. Instead of using the amine group

in the QD ligand, we modified the QD ligand and chose, instead, a silane with an

amine functional group. APTES is a commonly used silane found in the literature

and has a single amine functional group, Figure 4.9b. However, while APTES appears

frequently in the literature [78, 100–102] it seemed plausible that if one amine group

was good, three amine groups working to immobilize the QDs might be better and

we skipped past APTES to try DETA. DETA, shown in Figure 4.9c, has a primary

amine and two secondary amine functional groups. As for the QDs, we began focusing

on ligands containing carboxyl groups, which bond with amine, these included MPA

and TGA, Table 2.1.

Immobilization of QDs proved successful using this combination, the procedure for

DETA silanization is described in Appendix D.2. Immobilization has been demon-

strated through a variety of methods including first fluorescence and AFM exper-

iments that demonstrated the presents of the QDs and then various experiments

aimed at attempting to move the QDs but demonstrating their firm immobilization

on the surface. The methods used to test QD immobilization include rinsing the

substrates by dipping in water, rinsing in a gentle stream of water, rinsing in a strong

stream of water, blowing with air and drop-casting water and buffer on the surface.
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Figure 4.19: Spectral profile of a control sample of DETA on a glass substrate. There
is no elevated background fluorescence, the background level is the same across all
filters.

Through these, despite changes in fluorescence due to the presence of water, which

will be discussed more thoroughly in Chapter 5, the firm immobilization of the QDs

has been successfully achieved with the use of DETA.

To establish a control for the silanized substrates and verify that there is not

fluorescence excited in the silane by the excitation source used for the QDs, a silanized

substrate without QDs is imaged with the fluorescence microscope. No elevated

fluorescence is observed and constant emission is observed through all emission filters,

as illustrated in Figure 4.19.

Next, we make a comparison of fluorescence and distribution for the same QDs

deposited on two different substrates, the first prepared by O2 plasma cleaning and

the second with DETA silanization, shown in Figure 4.20. The QDs for this compar-

ison are a CdTe + MPA core-only sample, diluted for drop-casting on O2 1000x in

purified water and 500x for a 2 -min immersion time for self-assembly on the DETA

functionalized substrate. As expected, we find the distribution on an O2 plasma

cleaned substrate to be variable with some regions dense and others sparse, this is

consistent with all samples we have fabricated by this method. In the sample shown

there are few clusters and many single QDs, as demonstrated by their blinking and
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spectral characteristics. In the simultaneously prepared sample on a DETA silanized

substrate, there is a more even, uniform distribution of QDs across all regions of the

substrate. Most fluorescing points appear to be single QDs based on temporal and

spectral characteristics. Neither sample has elevated background fluorescence indi-

cating there is bare substrate between QDs, and the background level is the same in

both cases. It is interesting to note a change in the fluorescence intensity of the QDs

on the two different substrates. The QDs are not as bright, and blink faster with

shorter on times in the DETA functionalized sample as compared to the same QDs

on the O2 cleaned substrate. The DETA sample sat longer before observation and

the diluted QD solution mixed longer before use, which might be sources to explain

the discrepancy; however, Figure 4.21 shows a second sample prepared on DETA for

these same QDs in which the QDs are diluted and immediately used. The sample is

characterized on the fluorescence microscope immediately after preparation, removing

any delay arising from observing samples in series. The same results were observed

with the QDs exhibiting rapid blinking behavior with short on times and weak fluo-

rescence intensity. This difference in blinking behavior as dependent on the substrate

and local environment will be discussed further in Chapter 5 on blinking, the focus

for the time being is the immobilization of the QDs on the substrate.

Refinements in the QD fabrication process are occurring simultaneously with de-

velopments in QD immobilization and application studies, and as such, while we are

able to consistently achieve QD immobilization, there continues to be some variability
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Figure 4.20: Comparison of CdTe + MPA QDs on O2 plasma cleaned substrate
(left) and DETA silanized substrate (right). The QDs in this example are from the
same fabrication batch, were diluted simultaneously, 1000x for drop-casting on the
O2 plasma cleaned substrate, 500x for self-assembly on the DETA prepared substrate
with a 2 min immersion time followed by dip-rinsing in purified water and drying
the sample briefly on a hotplate. Spectral profiles obtained for a sample fluorescing
point out of each image are shown below the respective samples. There is no elevated
background in either sample, the background levels are the same, and both show
characteristically narrow fluorescence from a single QD. Print media is not great for
depicting QDs, however these two images have a similar density of QDs, though the
SAM prepared sample has a more uniform distribution. It is interesting to note,
however, that in the SAM prepared sample the QDs are not as bright and have
shorter on times.
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Figure 4.21: A follow up example to that in the previous figure. This sample uses the
same QDs as in Figure 4.20 self-assembled on a DETA silanized substrate. The QDs
are freshly diluted and the sample is observed immediately, eliminating the variable of
QD time in dilution solution and time from sample preparation to sample observation
as sources for the decreased fluorescence intensity. It appears that immobilization on
DETA increases the blinking rate with shorter on times and shorter time to quench-
ing. This sample was dark after 2 mins under excitation at 365 nm. This sample
was prepared by a 1 min immersion time in 500x diluted CdTe + MPA in purified,
PVDF filtered water, the solution is sonicated for 2 mins before use in self-assembly.
After immersion in QD solution, the substrate is dip rinsed in purified water and
placed on a hotplate at 40 ◦C for a few minutes until the water dries. Background
level is comparable to the previous sample and fluorescence emission shows the char-
acteristically narrow peak of single QDs. The point characteristic of the QDs and
the low contrast that is especially a problem for this sample with lower fluorescence
intensity makes figure presentation challenging. To help aid in identifying QDs in
the figure, this sample has been post-processed using Image J. The image was first
background subtracted using a rolling ball radius of 20 pixels. It was then bandpass
filtered, filtering out large structure greater than 30 pixels and fine structure below 1
pixel. Finally, the contrast is reversed to show the QDs as black in the image. They
are faint, but there are many present, which is obvious in real-time image where their
blinking on and off can be observed, but is difficult in a snapshot.
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in the density of QDs on the sample for a given dilution and immersion time. Fig-

ure 4.22 illustrates variation in self-assembly parameters and the trade-off between

QD concentration in solution and the immersion time for the functionalized substrate

in solution. We are able to consistently achieve uniform QD density and distribu-

tion across an entire substrate for a given batch of QDs, but one batch to the next

produces some variability in the results.

4.6 Verification of Immobilization

The sample preparation process itself speaks to the successful immobilization of

the QDs in that after the self-assembly process the samples are rinsed, whether by

dipping the substrate in purified water, a more vigorous swishing or spraying with

the water hose. The goal is to remove any QDs that are adsorbed to the substrate

but not bonded. In cases where the sample is not rinsed after QD deposition there is

not a dramatic difference compared to rinsed samples, but there tends to be a higher

occurrence of large clusters on un-rinsed samples, as illustrated in Figure 4.23. By

all rinse methods, even the more forceful spray with the water hose, QDs are still

found densely and evenly distributed on the substrate, implying the QDs have firmly

bonded to the substrate.

The dense, uniform and consistent distribution of QDs observed on the substrates

after rinsing the samples demonstrates the successful immobilization of QDs using

self-assembly on silane. In order to further sample the immobilization, additional
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Figure 4.22: Comparison of variation in self-assembly parameters. Both samples were
prepared using CdTe/CdS + MPA QDs, though fabricated in separate batches, on
DETA silanized glass substrates. The sample on the left was prepared using a 2 min
immersion time in a 2000x dilution of QDs, dip rinsed and dried briefly on a hotplate.
A good distribution results with ideal spacing between QDs, not too dense, and a
few clusters, but mostly singles. The sample on the right was prepared by 1 min
immersion time in a 1000x dilution of QDs, wiggle rinsed in purified water. This
sample is much more dense and has a mix of clusters and single QDs. A more dilute
solution of QDs for a longer immersion time seems to produce better results than
more concentrated QDs with a shorter immersion time. The first sample quenches
in less than 5 mins while the sample on the right shows blinking beyond 10 mins,
though that difference is a function of the difference in QD batches where significant
variation is often observed.
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Figure 4.23: Comparison of un-rinsed samples. These samples were prepared at
different times, but using CS CdTe/CdS + MPA QDs fabricated in the same batch.
Both samples were prepared from a 1000x dilution of QDs in purified water. The
substrate on the left had a 15 sec immersion time, the one on the right, 30 sec. Neither
sample was rinsed before observation. Both show some clustering, though more in
one sample than the other. Single QDs can also be identified in both samples.

experiments were conducted to confirm that the QDs remained immobilized. In

particular we are eventually interested in investigating the interaction of QDs with

other nano-materials, which will likely be in solution when added to the substrate

where the QDs have been immobilized. As such we are interested in confirming that

QDs remain immobilized in the presence of solutions added to the substrate. These

solutions have included water, buffer, buffer containing proteins and water containing

gold seed particles. In all cases, while the fluorescence of the QDs is dramatically

affected by the solution in ways which will be discussed in later chapters, the QDs

are observed to remain firmly immobilized with the addition of fluid. Figures 4.24
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and 4.25 illustrate examples of solution added to the QD sample, which is carried out

during acquisition of a time series on the fluorescence microscope in which the QD

samples are under continuous excitation. Water or another solution is dropped by

pipette onto the substrate, which is dry before beginning observation. As might be

expected, for samples that were not rinsed prior to observation, fluorescing clusters

are sometimes observed floating by after the addition of water, in addition to many

fluorescing points that do not move. This is consistent with the notion that samples

should be rinsed after self-assembly, to remove any QDs that are merely adsorbed

but not chemisorbed on the substrate.

These figures illustrate another characteristic of the QDs occurring with the addi-

tion of water, which is photobrightening wherein the QDs, which slowly photobleach

between the initial acquisition frame through the frame immediately preceding the

addition of water, suddenly become very bright in addition to a significant number of

QDs in the FOV previously in a dark state turning on, followed by rapid quenching.

This behavior will be discussed in more detail in later chapters. For the time being

the observation to be made from these figures is that QDs remained immobilized with

the addition of water to the sample.

Figure 4.26 provides contrast to these examples that illustrate the successful im-

mobilization of QDs even through the addition of fluids. In Figure 4.26, the QDs have

been deposited on an O2 plasma cleaned substrate and, as such, are not immobilized.

The first panel is the first frame of the time series, the middle frame is 1 min into
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the time series and the frame immediately preceding the addition of water. Many

QDs have quenched, but there are still many present. The last panel is the frame

immediately following the addition of water. Within a single frame, there are no QDs

left in the FOV. In these cases of non-immobilized QDs, scanning around the sample

after the addition of water, large clusters of fluorescence are observed floating around

and rings of dense fluorescence that have re-settled on the substrate are scattered

across the sample.

Other methods that have confirmed the firm immobilization of the QDs have

included drawing vacuum on the samples when placed in the oven for preparation to

do EFM, holding the QD immobilized samples in a stream of N2, sonicating the QD

immobilized substrates in DI water for 10 mins, and imaging the substrates by AFM.

If the QDs are not immobilized, the AFM cantilever has a propensity for knocking

the QDs around like little soccer balls, but repeated scans of the same FOV reveals

the same image each time, with no relative shift between neighboring QDs.

While the focus of this research is the immobilization of QDs using the tri-amine

silane, DETA, we did some work with the single-amine containing silane APTES to

immobilize QDs as well, to serve as a comparison. Figure 4.27 illustrates an example

of core-shell QDs immobilized on an APTES silanized substrate by a 60 sec immersion

in a 1000x dilution of QD in purified water. The sample is vigorously swished in water

to rinse. As the figure illustrates, a very dense distribution of QDs, both single and

clustered, remain after rinsing. Figure 4.28 demonstrates the addition of water to the
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sample during the real-time acquisition. Many smaller points are observed to quench,

but nothing is seen to move as a result of the water. Without quantification of the

differences, APTES and DETA may both be used to successfully immobilize QDs

capped with ligands containing carboxyl functional groups.

QD immobilization has been achieved using a tri-amine silane, DETA, in combi-

nation with QD ligands containing carboxyl functional groups. Reproducible results

with complete silane coverage and consistent, even distributions of QDs across the

substrate have been achieved by employing self-assembly techniques for both the sub-

strate functionalization with the silane and the deposition of the QDs on the silanized

surface. Various tests confirming the firm immobilization of the QDs illustrate their

successful immobilization.



131

F
ig

u
re

4.
24

:
D

em
on

st
ra

ti
on

of
Q

D
im

m
ob

il
iz

at
io

n
on

D
E

T
A

si
la

n
iz

ed
su

b
st

ra
te

.
T

h
e

sa
m

p
le

is
n
ot

an
id

ea
l

sa
m

p
le

in
te

rm
s

of
th

e
d
is

tr
ib

u
ti

on
an

d
p
re

se
n
ce

of
la

rg
e

cl
u
st

er
s,

h
ow

ev
er

it
m

ak
es

it
sl

ig
h
tl

y
ea

si
er

to
se

e
th

at
ob

je
ct

s
re

m
ai

n
in

p
la

ce
w

it
h

th
e

ad
d
it

io
n

of
w

at
er

to
th

e
sa

m
p
le

.
T

h
e

fr
am

es
ar

e
la

b
el

ed
w

it
h

el
ap

se
d

ti
m

e
fr

om
th

e
b

eg
in

n
in

g
of

th
e

ti
m

e
se

ri
es

an
d

ex
ci

ta
ti

on
in

ad
d
it

io
n

to
th

e
p

oi
n
t

at
w

h
ic

h
w

at
er

is
ad

d
ed

.
Q

D
s

q
u
en

ch
w

it
h

el
ap

se
d

p
h
ot

o
ex

ci
ta

ti
on

ti
m

e
an

d
d
u
e

to
th

e
p
re

se
n
ce

of
w

at
er

,
b
u
t

n
ot

h
in

g
m

ov
es

.
T

h
is

sa
m

p
le

is
p
re

p
ar

ed
w

it
h

C
d
T

e
+

T
G

A
Q

D
s

d
il
u
te

d
12

00
x

in
p
u
ri

fi
ed

w
at

er
.

T
h
e

Q
D

so
lu

ti
on

is
d
ro

p
-c

as
t

on
th

e
D

E
T

A
si

la
n
iz

ed
su

b
st

ra
te

an
d

le
ft

se
ve

ra
l

d
ay

s
to

al
lo

w
ti

m
e

fo
r

Q
D

s
to

fa
ll

ou
t

of
so

lu
ti

on
.



132

F
ig

u
re

4.
25

:
O

b
se

rv
at

io
n

of
Q

D
s

re
m

ai
n
in

g
im

m
ob

il
iz

ed
w

it
h

th
e

ad
d
it

io
n

of
w

at
er

to
th

e
su

b
st

ra
te

v
ia

p
ip

et
te

d
u
ri

n
g

ti
m

e
se

ri
es

ac
q
u
is

it
io

n
.

T
h
e

Q
D

s
ar

e
C

d
T

e
+

T
G

A
d
il
u
te

d
30

0x
in

p
u
ri

fi
ed

w
at

er
an

d
d
ro

p
-c

as
t

on
a

D
E

T
A

si
la

n
iz

ed
su

b
st

ra
te

.



133

Figure 4.26: Comparison with non-immobilized QDs. The sample in this example was
prepared with CdTe/CdS + MPA QDs diluted 600x in purified water and drop-cast
on an O2 plasma cleaned substrate. Without the silane the QDs are not immobilized,
as illustrated by the addition of water in this sample where the image on the left is the
first frame of the time acquisition, the middle frame is after 1 min under excitation,
where many QDs have quenched, but there remains a dense field of QDs. The middle
frame is the frame immediately preceding the addition of water. One frame later,
shown on the right, when water is added to the sample, all QDs instantly disappear.
Afterwards, scanning in x and y, fluorescing clusters are observed to float by and
dense rings of fluorescence that have re-condensed on the substrate are observed.
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Figure 4.27: Demonstration of the single-amine containing silane APTES also suc-
cessfully immobilizing QDs. The sample is prepared by self-assembly with a 60 sec
immersion time in a 1000x dilution of core-shell CdTe/CdS + MPA in purified wa-
ter. The substrate is vigorously swished in fresh water after self-assembly to rinse
and removed QDs not bonded to the substrate. The concentration solution and long
immersion time results in a dense distribution of QDs on the sample with evidence
of both single QDs and clusters.
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Chapter 5

QD Fluorescence Characterization

Quantum dots fluoresce under excitation by a source with energy greater than the

bandgap energy of the QD; however, continuous excitation does not produce either

continuous emission or constant emission. Under continuous excitation QDs exhibit

a characteristic “on” and “off” behavior called blinking or fluorescence intermittency,

which was first described by Nirmal, et al. in 1996 [103]. The on-state is characterized

by fluorescence emission and arises from the radiative recombination of the photoex-

cited exciton in the QD. In the off-state, also called the dark state, the photoexcited

exciton recombines non-radiatively and there is no fluorescence emission. The length

of time over which a QD may remain in an on-state or in an off-state may be brief

(ms) or long (hours); the probability density for on- and off-events has been shown to

vary over 9 decades in magnitude [104]. This kind of system in which the temporal

mean of a single sample is not equivalent to the ensemble average in a single tempo-

ral snapshot is a non-stationary and non-ergodic system. The probability densities

for the on- and off-states of a QD are described instead by power laws of the form

1/t1+µ where µ ranges from 0.3 - 0.8 [104–107]. The exponent has been found to be

mostly independent of properties of the QDs such as size and of the experimental

conditions including excitation intensity, sample substrate and temperature. How-

ever, the probability distribution for the on-state truncates at the tail as a function
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of temperature [108] and the exponent for the off-state probability distribution has

been found to be dependent on the dielectric permittivity when QDs are dispersed in

a charge stabilizing polymer matrix [109].

Many research groups are involved in the study of QD blinking dynamics. Tech-

niques to reduce blinking such as the growth of semiconductor shells over the QD

core, varying the choice of ligand, and dispersion of the QDs in a polymer matrix are

being explored; however, finding a solution to reduce blinking is challenging because

the mechanisms that cause blinking are not understood. It has been established that

QDs are in a charged state when they are in a dark state, but the dynamics of that

charged state and the processes that occur in order to return the QD to a fluorescing

state are still being debated. It is fairly well accepted that ionization of the QD,

whether thermally or through Auger ionization, which leave the QD in a charged

state, causes the dark state [45,103,106,110]. The prevailing theory since its proposal

in the mid-90s is that Auger recombination is responsible for a QD remaining in a

dark state once it becomes charged [103, 111]. As long as there exists a lone charge

in the QD, when a photoexcited exciton is created it is more efficient to transfer its

energy to the lone charge left in the QD core when it recombines. The radiative re-

combination pathway that produces fluorescence is less efficient and the QD remains

in a dark state, not fluorescing. The dynamics of the charge pairs within the QD are

not well understood, there are theories suggesting the ejected charge tunnels back and

forth to surface traps and other theories that suppose the ejected charge diffuses in
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the local environment [106,110]. Some argue that there is not experimental evidence

supporting the theory that a lone charge carrier in the QD core leads to a QD in

an off-state. New experiments suggest that the non-radiative pathway observed in

charged QDs is too fast to occur with a single charge carrier in the QD and have pro-

posed various mechanisms for multiple charge collection, for example in surface traps.

These alternative scenarios suggest that Auger recombination alone is not sufficient

to explain QD blinking dynamics [112–114]. Experiments continue to be designed

to enable the study of the short time scale microscopic dynamics occurring in QDs

and the knowledge gain may be employed to improve the quality of QDs or otherwise

design experiments that will help reduce the blinking behavior in QDs to make them

more suited to applications where continuous fluorescence emission is desired.

In the meantime, QD blinking is highly affected by the local environment of the

QD and as such, methods to reduce the fluorescence intermittency focus on one of two

possibilities: isolating the QD from its environment with the addition of a shell on

the QD semiconductor core or controlling the local environment around the QD, for

example by the dispersal of the QDs in a polymer matrix. Given our ultimate goal to

use the QDs as local nanosensors interacting with nano-materials, burying the QDs

in a polymer film is not a preferred approach. We have instead worked on refining the

QD fabrication process to improve the quality of the QD itself and on the fabrication

of core-shell QDs. To date, we have not been able to fabricate non-blinking QDs,

but fluorescence intermittency has provided a useful tool in efforts to distribute and
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characterize single QDs on a substrate because the blinking is an indication of single

QDs (or possibly a small cluster).

The more important factor in these experiments is the photostability, how long do

the QDs continue blinking before remaining in a dark state. In addition to exhibiting

fluorescence intermittency, fluorescing molecules or particles reach a point where they

no longer blink on; the fluorophore is said to be quenched. In the case of the QDs,

this most likely occurs due to photo-oxidation of the QD surface. Quenching should

not be confused with bleaching which is the slow fading or decrease in intensity of

fluorescence emission. A cluster of QDs in which individual QDs quench and no

longer contribute to the overall fluorescence of the cluster gives the appearance of

bleaching. The fluorescence intensity slowly drops, though peaks in intensity may still

be observed superimposed on the decaying intensity curve, this is a good indication of

a cluster. Single QDs, however, do not appear to exhibit bleaching effects; there is not

a monotonic decrease in fluorescence emission intensity with time. They are either

on or off, though there is some fluctuation in the fluorescence intensity that may arise

from the data acquisition process in which relatively long (200 ms) exposure times

may have QDs blinking on or off mid-frame and will appear to exhibit variations

in intensity. Recent experiments do, however, suggest that the on- and off-states of

QDs are not binary, but that there is a third “grey” level of low level fluorescence

emission [112,115]

We are interested in observing how QD interactions with nano-materials affect the
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fluorescence behavior of QDs in order that the QDs may be used as sensors to indicate

the presence of nano-objects with high resolution. As such, we need to be able to

clearly identify when a QD is in an on- or off-state. We need metrics by which

to characterize immobilized QDs on the substrate in order to make observations

as to what factors affect the QD blinking characteristics. From an observational

standpoint we can clearly demonstrate that the QD fluorescence, including blinking

rate, brightness and photostability are affected by various parameters we can control

in the fabrication process, in the QD environment on the substrate and in the intensity

of the excitation source. It can be demonstrated that these factors affect the blinking,

but it gets harder to quantify these effects. Our system is not designed for the study of

fast events; an EMCCD is best for high sensitivity. Our exposure times are typically

on the order of 100-200 ms, which sets a limit on the study of brief QD state changes.

It should furthermore be noted that there is a system delay from one frame to the next

when acquiring time series data; it is not a continuous picture of the QD behavior.

If a QD blinks on or off in the middle of a particular frame, photons are collected

for some unknown fraction of the frame, which gives rise to the variability in signal

intensity observed in the data. A QD may turn on to the same intensity each time

it blinks on, but if only a fraction of the photons are captured because it blinked on

in the middle of a 200 ms integration time, it will appear to be less bright; as such,

it is not always clear cut in identifying when a QD is in an on-state or a dark-state.

An introduction to the data acquired on the fluorescence microscope was provided
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in Section 3.2. Since the identification of on- and off-states is not always clear cut, a

discussion of the data extraction and thresholding methods used to characterize on-

and off-states is provided in Appendix E. The following blinking analysis presents the

blinking statistics by various metrics including the fraction of observation time the QD

spends in an on-state, the length of a given on-state, the frequency of short on-events

and the length of time QDs remain blinking before quenching. These characterizations

of QD blinking are presented as a function of experimental parameters including for

core verses core-shell QDs and a look at the effect of the substrate environment. We

also consider the effect of water on the blinking characteristics since this is a precursor

step to the introduction of other nano-materials to the QD environment.

5.1 The Influence of a Shell on Fluorescence Characteristics

The addition of a semiconductor shell over the QD core material is widely accepted

to reduce blinking. To compare the effect of adding a shell most effectively, it would

be best to make a comparison of core vs core-shell QDs where the thickness of the

shell is varied. It has been established in the literature that the shell thickness plays a

role in the changed blinking and photostability of the QD. There is an optimum shell

thickness to reduce blinking [27, 35, 60]. That thorough investigation is beyond the

scope of this dissertation so the comparisons are limited to the QDs with which I was

working. Given the inconsistencies in the QD fabrication process due to the ongoing

refinement, it is difficult to compare one batch of QDs to another; nonetheless, we



142

can make some general observations as to the effect of adding a shell. I have taken

two approaches: the first is to consider batches of QDs for which there is data on

both core and CS samples to look for differences in their photostability as a direct

effect of the shell. The second is to compare various batches of core or CS samples

to other batches of core or CS samples, respectively, to look for trends. Figure 5.1

shows data on the fraction of time QDs spent in the on-state over the course of the

observation period for several batches of core-only QDs. Different fabrication batches

are marked as B1, B2 and B3. B1 and B2 were fabricated under identical parameters

using method 1 in the new fabrication apparatus. The fabrication pH was 8.5 and

the molar ratio of precursors was 1:1.42:0.5, Cd:MPA:Te. B3 was fabricated using the

new method at higher pH, method 3 at pH 12, with the same precursor ratio. In all

cases, while there may have been variations in the fabrication procedure and the QD

dilution varies, the sample preparation and observation parameters are identical. All

samples are prepared on O2 plasma cleaned substrates and are excited at the same

excitation intensity. The two samples labeled B1 differ only in their dilution before

deposition on the substrate; however, while in both cases the majority have an on-

fraction of less than 10%, QDs in the first sample at 300x dilution spend a maximum

of 30% of time in the on-state while the 600x sample from the same batch of QDs has

examples that remain in an on-state for nearly the entire observation period. The

two samples from B3 show similar behavior. The majority of QDs from both samples

are on less than 10% of the time, but the 1000x sample has QDs that spend more of
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Figure 5.1: Comparison of the fraction of time QDs spend in the on-state for several
different fabrication batches (indicated as B1, B2 and B3) and for different QD con-
centrations from each batch. On the whole, every sample exhibits the same trends,
with the majority of samples spending < 10% of the observation time in the on-state
and tailing off toward longer fractions. The lack of variability indicates consistency
in the fabrication of core-only QDs. B1 and B2 are fabricated by method 1 in the im-
proved fabrication apparatus with identical parameters at pH 8.5 and precursor ratios
at 1:1.42:0.5 Cd:MPA:Te. B3 was fabricated by method 3 at pH 12 with the same
precursor ratios. The sample preparation and observation parameters were identical
for all samples which were prepared on O2 plasma cleaned substrates.

the observation time in an on-state whereas the 300x sample does not.

Figure 5.2 compares several batches of CS QDs, both one sample to the next of

a given batch, as well as one batch to the next. All B1 samples are from the same

batch, fabricated by method 1 in the new apparatus at pH 8.5 and Cd:MPA:Te

ratios of 1:1.42:0.5. The shell is grown by injection of CH3CSNH2 at a rate of

0.018 mmol/min for a total of 0.133 mmol of CH3CSNH2. Starting from the first
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Figure 5.2: Comparison of on-time fractions for CS QDs from several different sample
preparations drawn from two different fabrication batches of CS QDs. The fabrication
parameters for the two batches were identical with the exception that after addition of
the same total volume of shell material added at the same rate, the batch labeled B1
had a total shell growth time of 3 hrs and B2 had a 15 min shell growth time. There
are variations from sample to sample but no distinct differences between batches in
terms of the fraction of time the QD spends in the on-state.

injection of CH3CSNH2, the shell growth time is 3 hrs. For these CS samples the ma-

jority still have on-fractions less than 10%, just as for the core-only samples. The CS

samples labeled B2 were grown with identical parameters to B1 with the exception

that the shell growth time was only 15 mins. All CS samples have similar distribu-

tions with the exception of the purple sample which has a broader distribution and

includes samples that remain on the longest.
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Given variations in fabrication batches and the resulting quality of QDs, to most

effectively assess the effect of adding a shell, we consider two batches separately before

and after adding a shell in Figure 5.3. The results presented for the core samples are

for the same core that is used for the core in the CS QDs. In the first example,

the core-only QDs were grown for 5.25 hrs at pH 8.5 with Cd:MPA:Te ratios at

1:1.42:0.5. The shell was grown by incremental injection of thioacetamide at a rate of

0.018 mmol/min for a total 0.133 mmol and then continued to grow for a total shell

growth time from the first thioacetamide addition of 15 mins. For the example on the

right, the CdTe + MPA core-only QDs were grown for 6 hrs with the same pH and

precursor ratio. The shell was grown by adding the same amount of thioacetamide

at the same rate, but allowing continued shell growth for a total of 3 hrs.

In the first case, on the left, the shell appears to cause the QDs to spend a greater

fraction of time in the dark state, the majority of CS QDs are on less than ∼ 8% of

the time and there are not any that are on more than half the time. The original

core only QDs of that fabrication batch, by contrast, showed a greater range of on-

fractions. While a third of measured core-only QDs still spent less than ∼8% of their

time in an on-state, there were many more that were on for a larger fraction of time,

including some that were on for as much as nearly three quarters of the observation

period. There does not appear to be any benefit gained from the addition of a shell in

this case; if anything, the blinking increased as a result of the shell. The same can be

said for the second example, on the right in Figure 5.3. Unlike the first set, there does
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not appear to be any loss in fluorescence on-time with the addition of the shell, but

there is no increase in on-time either; no benefit seems to be gained in the addition of

a shell. We can state these results more rigorously using the two-sample Kolmogorov-

Smirnov (KS) test, which compares the two distributions to assess the likelihood that

they arise from the same continuous distribution. The null hypothesis is that the two

data sets, core-only and CS are from the same distribution. A two-sample KS test

on these two data sets (left and right in Figure 5.3), yield p-values of 0.14 and 0.30,

respectively, indicating that we cannot reject the null hypothesis with confidence.

There is essentially no measurable difference in on-fraction for QD samples with and

without a shell. It is not surprising that just as much blinking is observed in the CS

samples. For CdS shell on a CdTe core, the is a large mismatch in lattice parameters,

giving rise to defects in the crystalline structure and more available traps to provide

efficient non-radiative pathways for exciton recombination. Blinking is not a problem

in our initial studies where it is advantageous to use blinking as an indicator of single

QDs; the photostability is more important. In spite of blinking, we are interested in

determining whether the QDs continue fluorescing for a sufficiently long time to carry

out the experiments of interest.

For this reason, the second measure of photostability we are particularly interested

in is how long the QDs continue fluorescing before blinking off and remaining off, at

which point the QD is quenched. The QDs need to remain blinking long enough to

carry out the experiments looking at the interactions of QDs with nano-materials.



147

Figure 5.3: Direct comparison of the effect of adding a semiconductor shell on a CdTe
+ MPA core for two different batches of QDs. The blue bars in each case represent
the on-fractions for the original CdTe + MPA cores and the orange bars show how
the addition of a shell affects the on-time fraction for a particular set of cores. In the
first example, on the left, the addition of a shell possibly results in smaller on-time
fractions, or at least the absence of large on-time fractions, in this case the shell
growth time was 15 mins. In the second example, right, there is basically no change
in the amount of time the QDs spend in the on- or off-state after the addition of a
CdS shell. The shell growth time in that case was 3 hrs.

We use the same samples as for the comparison of the on-fraction: a core sample

and its corresponding CS sample. In the first case, on the left in Figure 5.4 there

is not a clear difference in time-to-quench, though the distribution for the core-only

QDs is possibly shifted toward longer times as compared to the CS samples. The

reverse appears to be true for the second sample, on the right; the distribution of the

length of time the QDs remain blinking is shifted slightly toward longer times for the

CS samples as compared to the core-only samples. A two-sample KS test of these

two data sets yield p-values of 0.17 on the left and 1.7 · 10−4 for the sample on the

right. In other words, there is not a measurable difference between the core and CS

samples on the left, but we can say with confidence that the samples on the right
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Figure 5.4: Independent of the on and off blinking of the QDs, the length of time
the QDs continue to blink is particularly important. Here, we compare the length
of time the QDs continue to blink before quenching for a given CdTe + MPA core
and then the effect of adding a CdS shell on the core for two different batches of
QDs. The samples correspond to the same samples shown in Figure 5.3 comparing
on-fractions. The sample on the left, with a shell growth time of 15 mins, shows
very little difference between the core-only and the CS QDs. In the second case, with
a shell growth time of 3 hrs, the effect of the shell is more clear distinct, showing
an increase in QDs with longer blinking times before quenching as compared to the
core-only QDs. The effect of the shell in the later case is statistically significant, with
a p-value for a two-sample KS test of 1.7 · 10−4.

are highly unlikely to arise from the same underlying distribution. These results are

interesting because the sample on the left, with no measurable difference, had only a

15 min shell growth time compared to a 3 hr shell growth time in the second case.

The same quantity of shell material is added in each case, the only difference is the

length of time allowed for shell growth. The longer shell growth time clearly yields

improved photostability. While there is not a change in the on-fraction, the QDs

remain blinking for a longer duration under continuous excitation.

In conclusion, there may be some modest improvement in the photostability in

terms of how long the QD remains blinking with the addition of a semiconductor shell,
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but there is no improvement in the blinking. The fraction of time the QD spends in

the on-state does not appear to be affected by the addition of a CdS shell. To reduce

the blinking or increase the on-fraction, an alternative shell material with a lattice

parameter that is more closely matched to CdTe should be selected. To achieve

further improvements in photostability, it would be interesting to explore whether

there is continued improvement in photostability for shell growth times longer than

3 hrs or with a larger quantity of shell material.

5.2 Comparison of Fluorescence Characteristics for QDs on O2 Plasma
Cleaned Substrates and Silanized Substrates

The immobilization of the quantum dots is a means to an end. The end goal

is to enable the study of QDs and the change in their fluorescence as they interact

with nano-materials. The successful immobilization technique should not negatively

affect the QD fluorescence. QDs are very sensitive to their local environment, and

the prevailing explanation for QD blinking attributes the characteristic to Auger

ionization. The suggestion is that once one of the charges of the photoexcited exciton

leaves the core and the QD is in an ionized state, it will remain in a dark state until it

is re-neutralized. It seems reasonable to conjecture that the nature of the local charge

environment surrounding the QD should play a significant role in how frequently a

QD is in an ionized state and how quickly it is re-neutralized. When the QDs are

deposited on an O2 plasma cleaned surface the local charge environment is different

from when QDs are deposited on the DETA silanized substrate with three amine
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groups present for covalent bonding.

We often see variations in fluorescence characteristics from one batch of QDs to

the next, so we take the same approach to analysis as for core and CS QDs and

consider batches of QDs for which we may directly compare the behavior of the

same QDs on both O2 plasma cleaned substrates and on DETA silanized substrates.

Four such examples are illustrated in Figure 5.5. The examples shown are from four

different fabrication batches, some are core some are CS so one should not be quick

to draw conclusions about QDs from all four sets taken together; however, within

any given set, the same QDs have been deposited on differently prepared substrates.

Despite different QD batches, the behavior ends up being very similar, independent

of the differences in fabrication details and the presence of a shell or not. In all cases

irrespective of substrate preparation, most QDs in any given sample are on for a total

of less than 10% of the observation period. For QDs deposited on DETA there is a

small fraction, less than 20%, that may be on for as much as 20% of the observation

period. There is a single exception, in 5.5b, of QDs on DETA that have an on-fraction

greater than 20%. By contrast, though the portion of QDs is not large, on O2 plasma

cleaned substrates, there are consistently QDs in an on-state for a larger fraction of

the observation time. Two-sample KS tests for these four sets of data yield p-values of

0.34, 1.5 · 10−4, 0.09 and 6.1 · 10−7 (left to right, top to bottom). This implies that no

effect due to the substrate was observed for the QDs in either of the samples on the left,

but both samples on the right can be said with high confidence to arise from different
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underlying distributions. It is hard to identify trends in the data at this point since

the four sets of data shown here each have different fabrication parameters, though

this illustrates the high sensitivity of QD photostability to the fabrication process.

The top left, with no difference, are core-only fabricated by method 2. The bottom

right, where there is a strong difference between the on-fraction on O2 and the on-

fraction on DETA are also core-only QDs, but these were fabricated using method 3,

perhaps an indication that the new fabrication method at higher pH makes the QDs

more susceptible to their environment. This is a supposition that would have to be

explored further. The last two data sets, top right and bottom left, are both CS

QDs with identical fabrication parameters with the exception that the first, with a

demonstrable difference in on-fraction, has a 40 min shell growth time while the later

had a shell growth time of 1.5 hr. The difference in shell growth time and/or shell

thickness are known to affect the QD photostability, though shell growth parameters

have not yet been rigorously explored in our fabrication procedure.

We are particularly interested in the photostability, the length of time the QDs

continue blinking before quenching and remaining in a dark state. There is some

evidence that the DETA quenches the QDs more rapidly, but this observation is not

consistent. This inconsistent behavior can be attributed to the fabrication process,

which continues to be modified. Given that QDs are very sensitive to their environ-

ment, it makes sense that variations in fabrication will produce QDs that are variably

sensitive to the environment. The plots of continued blinking before quenching, shown
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(a) (b)

(c) (d)

Figure 5.5: Comparison of on-fractions for QDs on O2 plasma cleaned substrates
verses DETA silanized substrates. The four histograms are comprised of data ac-
quired on four different QD fabrication batches. There is not a statistically signif-
icant difference between QDs on O2 plasma cleaned substrates vs DETA silanized
substrates in either plot on the left, however both plots on the right show statistically
significant differences. (a) and (d) are both for core-only QDs, though the first are
fabricated by method 1 while the later are grown using a higher pH with method 3.
There is a statistically significant difference depending on substrate environment in
the later case, QDs grown at higher pH may be more susceptible to environmental
factors. (b) and (c) are both CS samples, but there is substrate dependent effect
in (b) and not in (c), this may be a result of differences in shell growth time. The
first had a 40 min shell growth time and the second a 1.5 hr shell growth time; at
the shorter growth time the QDs may remain more susceptible to variations in their
environment.
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in Figure 5.6, have been adjusted to account for different acquisition lengths. The

fluorescence characteristics of a particular sample often dictated the total acquisition

time. For most samples the acquisition time is 5 mins, but other samples exhib-

ited blinking lasting 10 mins or more. To compare samples with different acquisition

times the sample with the shortest total duration is used to determine the bins and

all on-events past that for the samples with longer acquisition periods are added to

the final bin. The samples shown here are for the same QDs analyzed for on-fractions

above. The results for time-before-quenching follow the same pattern as observed

for the on-fraction. Two-sample KS tests show p-values of 0.50, 5.4 · 10−4, 0.16 and

8.7 · 10−5 (left to right top to bottom). The same samples that showed a difference in

on-fraction depending on the substrate environment show a corresponding difference

in photostability. That said, the differences that are uncovered have opposing trends.

In the top right, 5.6b, which are CS QDs, on DETA the QDs showed continued blink-

ing behavior for long observation times and little quenching. By contrast, the sample

on the bottom right, 5.6d where the contrast in photostability as deposited on O2

and DETA is stark, these core-only samples fabricated by method 3, have distinctly

better photostability on O2 plasma cleaned substrates as compared to the DETA sub-

strates, again illustrating that the fabrication details likely have a strong influence on

the stability of the QDs. It is interesting to note at this point that Rogach observed

that at higher pH, which is the case for the samples grown by method 3, more sulfur

gets incorporated into the crystalline structure [59]. It may be the case that QDs
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with a higher sulfur content will be more susceptible to the local environment on O2

prepared substrates as compared to DETA silanized surfaces.

There is clear evidence that the substrate environment plays a role in the QD

blinking and photostability, though trends in the results are unclear at this point

and variations likely arise as a result of variations in the fabrication process. There is

evidence in the literature and as discussed in Section 5.1 that a shell of an appropriate

bandgap, lattice parameter and thickness can improve QD blinking and photostability.

For these reasons it is important to refine the QD fabrication methods to produce

more stable QDs and repeat these experiments, to compare, for example, the effect

of adding a shell on the core-only QDs grown by method 3. At the higher pH the on-

fractions are smaller and the photostability is decreased on DETA, but the QDs are

otherwise very bright and have great photostability on O2. Perhaps the photostability

on DETA could be improved by the addition of a shell. Similarly, the QDs fabricated

by the more traditional method at pH 8 or 9 show improvement with the addition

of a shell, but as a function of shell growth time. Repeating these experiments as a

function of shell growth time and thickness may lead to more photostable QDs that

may be used for the study of QD-nano-material interactions.

5.3 Aqueous Quantum Dots Response to Water

We are interested in looking for changes in QD fluorescence when nano-materials

are in the vicinity of the QDs. These nano-materials must be brought in close proxim-
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(a) (b)

(c) (d)

Figure 5.6: Comparison of photostability for different batches of QDs as a function of
substrate environment. Each figure represents many QD samples prepared on either
O2 plasma cleaned glass or a DETA silanized substrate. All samples contributing to
a given figure are from the same fabrication batch and are identical to the samples
characterized by on-fraction in Figure 5.5. QD photostability as a function of sub-
strate environment appears to be highly dependent on the fabrication parameters.
The core-only sample in (a) does not show a dependence on substrate preparation.
Sample (b), by contrast, exhibits a statistically significant difference in photostability
depending on substrate environment. Both (b) and (c) are CS QDs, but the shell
growth time is shorter in (b). For the longer shell growth time in (c), the QDs are less
affected by the substrate environment. The core-only QDs in (d), which were grown
at a significantly higher pH, show a stark dependence on substrate preparation. The
core-only QDs in this sample seem to be more susceptible to the DETA environment
and quench much more rapidly on DETA than on O2 cleaned glass.
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ity to the immobilized QDs in some manner and one of the easiest ways to do this is

by dilution of the nano-material in water. To isolate the effect of the nano-materials

of interest on the QD fluorescence from the effect of water on the QD fluorescence,

we perform control samples with just water. It turns out that water molecules have

a significant affect on QD fluorescence. The QDs are initially in an aqueous solution;

during the fabrication process they are grown in water and later the QD solution is

diluted in water. However, in the course of sample preparation, the QDs are assem-

bled on the functionalized surface, which is then dried prior to sample observation.

It is in this dry state, when water is re-introduced to the QD environment that the

interaction of water molecules with the QDs is particularly interesting.

By now it is clear that QDs blink on and off under continuous photoexcitation

and as time goes on fewer and fewer QDs blink back on and instead remain in a

dark state. This dark state turns out not to be a permanent state for the QD,

which would be the case if the QD had undergone a permanent chemical change as

a result of photoexcitation, such as photo-oxidation of the QD surface. The addition

of purified water to a dry sample of QDs immobilized on a glass substrate in air has

the effect of significantly increasing the number of QDs in an on-state. Figure 5.7

and 5.8 illustrate this behavior for a sample of TGA-capped and MPA-capped CdTe

QDs, respectively. The QDs are immobilized on a DETA functionalized substrate

prepared by drop-casting QDs on the substrate, allowing time for QDs to fall out of

solution and bond to the surface and then rinsed and dried before observation. The
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frames shown are extracted from a continuous time series acquisition during which

water is dropped on the sample. The time elapsed since the excitation source initially

illuminates the QDs, as well as the time at which water is dropped on the sample are

indicated. In the first example with TGA-capped QDs, the first three frames show

the typical sparse field, blinking behavior, and slow quenching of the QDs under

continuous illumination. After 11.7 sec, water is added to the sample. Over the next

10 sec, the number of QDs observed in the field steadily increases. The QD density

is high and the sample is very bright. After this point the sample again begins to

photobleach in the sense that the one-by-one the blinking QDs blink off and remain in

an off-state and the field is again dark. Very similar behavior is observed in Figure 5.8

for the MPA-capped QDs on a comparable time scale.

For samples of immobilized QDs, nothing is observed to move upon the addition

of water. The QDs that turn on with the addition of water were always present in the

field of view, but were not detected because the vast majority were in a dark-state.

The addition of water acts to increase the photoluminescence quantum yield of the

sample. Initially, a relatively tiny fraction of QDs decayed from the excited state

radiatively, now the radiative pathway has become more efficient for a significantly

larger number of QDs in the FOV. It is not fully understood what is occurring in the

QD when the QD is in a charged state and decays non-radiatively. If the ionized QD

is in a charged state because one of the charge pairs has left the QD core and is in a

surface trap, the water molecules may be interacting with the QDs to release trapped
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charge carriers or otherwise re-neutralize the QD. In doing so, the water molecules

allow for an efficient radiative recombination pathway in the QD. The effect cannot

be repeated by either adding additional water or shaking the sample to move the

water already present across the QDs with the idea that re-distributing ions in the

water will again affect the QD state.

After the initial photo-enhancement and sharp increase in QY of the QD sample,

the QDs slowly photobleach and permanently quench. Once the QDs quench, neither

a delay that allows the water present to dry, nor the addition of fresh water causes

the QDs to start fluorescing again. This suggests that the combination of water and

photoexcitation causes a permanent chemical change in the QD surface and structure,

likely photo-oxidation, which quenches QD fluorescence. Water itself increases the

PL QY, but does not cause the permanent quenching of the QDs. When water is

added to the QD sample to fill the substrate, only the location illuminated by the

excitation source becomes permanently quenched. One can scan in x and y, where

there is water over all regions of the sample, scanning causes a new region to be

newly photoexcited and the QDs are observed to be extremely bright with initial

illumination by the excitation source, followed by rapid photobleaching. The rapid

photobleaching requires the presence of both water and an excitation source. This

behavior is observed independent of the capping ligand.
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Chapter 6

Quantum Dot - Nano-material Interaction

Quantum dot fluorescence is known to be highly sensitive to the local environment.

To the extent that this local environment can be controlled, this characteristic may

be used advantageously to sense local changes in the QD environment. Under the

assumption that to effect change in the QD fluorescence, the source of the change must

occur at close range, one can imagine the possibility of a spatial sensor with ultra-

high resolution based on QDs. The nature of the change will vary. There are sources

that will cause QD fluorescence to be quenched, others that may either enhance or

dampen QD fluorescence without quenching the QD and yet others that may cause

a shift or otherwise modify the spectral line-shape. The ultimate goal in studying

changes in QD fluorescence by looking for this kind of interaction is the ability to

correlate changes in the spectral or temporal variation of the QD fluorescence with

the location and motion of nano-objects. Detecting these interactions will enable

far-field optical microscopy with nanometer scale resolution. This is an ambitious

proposition given that QDs are extremely sensitive to their environment and the

ability to control that local environment is challenging at best. That said, there are

examples of QD-nano-material interactions in the literature that produce predictable

and measurable changes in QD fluorescence. The physics of affecting QD fluorescence

are typically based on one of two processes, either energy transfer or electron transfer.
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One example is FRET, which involves the transfer of energy to or from the QD to

a second QD or fluorophore with an appropriate bandgap [116–119]. This requires

the second QD or fluorophore to be at close range and to have a specific bandgap.

Another potential source for affecting QD fluorescence are quenchers which have

traditionally been organic molecules [120,121]. Single-walled carbon nanotubes have

also been demonstrated to act as QD fluorescence quenchers [122, 123]. Charge-

selective fluorescence quenching is another method of influencing QD fluorescence,

such as in the presence of cations [124] and lastly there may be nanoparticles that

will enhance the QD fluorescence as opposed to quenching it as in the previous cases

[115,125].

We have begun experiments in using changes in QD fluorescence to detect the

presence of nano-objects, however, the fluorescence of the aqueous colloidal QDs

presently being fabricated is highly variable and with the ongoing refinements in the

fabrication process, it is difficult to draw conclusions regarding the interaction of

QDs with these nano-materials. The goal to date has been the fabrication of QDs

with sufficient photostability to carry out the experiments. The blinking has been

an asset in confirming immobilization of single QDs as distinct from clusters, and

so long as the blinking continues for a sufficiently long period as to be recorded and

analyzed, that was satisfactory. However, once we start looking for QD interactions

with nano-materials, it would be preferable to have QDs that spend a greater portion

of time in the on-state for it is otherwise difficult to characterize the effect of nano-
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materials on the fluorescence. Given these caveats and the ultimate caveat in QD

fluorescence that the blinking behavior is non-stationary and non-ergodic wherein one

cannot calculate an average on-time for a single QD because the on and off periods

may be very brief or as long as the observation period, we nonetheless try to look

for “typical” characteristics of a sample in an effort to look for any changes in these

characteristics that may be affected by the nano-material. In the analysis below, just

as we did for initial QD fluorescence characterization in Chapter 5, we consider the

fraction of time the QD spends in an on-state over the total observation time, how

long the QD continues blinking before remaining in an off-state, that is how rapidly

the QDs are quenched, the typical intensity of the on-state and the number of short

on-events as compared to long on-events with the idea of looking for changes in any

of these metrics as the result of an interaction with nano-materials.

6.1 Quantum Dots and Green Fluorescent Protein

Initial experiments investigating the effect of nano-materials on the fluorescence

of quantum dots began with green fluorescent protein (GFP). A fluorescing protein,

on the order of 3 x 4 nm [126], GFP was selected as a starting point because it is

approximately the same size as the QDs. Since GFP fluoresces we are able to confirm

that an observed change in the QD fluorescence can be directly associated with the

GFP by confirmation that it is in the vicinity of the QDs. Furthermore, the isoelectric

point of GFP is around pH 4.7-5.1 [126]. The isoelectric point indicates the pH at
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which a molecule carries no net electrical charge. Our QDs are typically fabricated

at about pH 9, they are diluted in purified water that is around pH 5.8 and the

Tris buffer that the GFP itself is diluted in is pH 8.5. In all our experiments we are

working above the isoelectric point of GFP, the molecule loses protons at this pH and

the overall net charge of GFP is negative. This is interesting to note because it is

certain that the charge of a nano-material will affect its interaction with the QDs.

Though QDs themselves are also affected by the working pH, it may be possible to

consider experiments in which the pH is adjusted to below the isoelectric point of

GFP and a comparison could be made between the effect GFP itself has on QDs

as a negative and as a positive molecule. For the scope of this work we have only

considered experimental conditions at high pH and thus GFP molecules that have

net negative charge.

The work with GFP was not as straightforward as one might desire. Proteins

need to be stabilized in aqueous buffer, and as discussed previously, buffer itself is

observed to fluoresce. Tris buffer, in particular, interacts on a chemical level with the

QDs stabilized by ligands containing carboxyl functional groups. Furthermore, the

extraordinary property of QDs of being easily detectable on a single particle basis was

emphasized in this work where single GFP molecules cannot be detected. Spectral

characterization confirmed the presence of GFP, but only as a uniform background,

no point fluorescence was observed.

In spite of these challenges we are able to carryout experiments in which the
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concentration of GFP molecules in solution is varied and observe the effect on the

QDs. Similar to the experiments in which water was added to the QD samples

and changes in fluorescence were observed, the immobilized QD samples were dry

and exposed to air at the time of observation and GFP solution is dropped onto

the substrate by pipette during the acquisition of time series data. The addition of

GFP has the effect of quenching the QD fluorescence and we can conclusively isolate

the quenching effect to GFP itself and not just the aqueous solution. Unlike the

water experiments described in Section 5.3, where the addition of water itself did not

cause the quenching, the water in combination with photoexcitation led to quenching,

addition of GFP to a sample quenches the entire sample, including areas not currently

illuminated by the excitation source. The observation area under illumination is

observed to quench in real-time as the GFP is added, subsequently scanning around

the sample to new areas, not previously within the excitation beam, no fluorescence

can be found; the entire sample is quenched. It has furthermore been demonstrated

that the concentration of GFP molecules in solution affects the rate of quenching.

The samples used for these experiments were prepared with dense distributions of

QDs, these were not single isolated QD samples and so the effect of GFP was observed

on a dense film of QDs. The result is that in the temporal trajectories of signal in-

tensity there is a decay in fluorescence characteristic of QD clusters, the fluorescence

decay due to GFP is quite distinct from the standard fluorescence photobleaching.

Figure 6.1 illustrates a set of temporal trajectories extracted from a single FOV. Spa-
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tial standard deviation is plotted as a function of time for 12 sample points extracted

from a single field of view. The acquisition begins and the initial photobleaching due

to the excitation source alone is recorded. In the first 20 secs, blinking superimposed

on an overall decay is observed, typical of clustered QDs. At approximately the 20 sec

point, GFP is added to the sample. There is a sharp drop in intensity, followed by

a continued decay. The lower solid line in each plot represents the median of the

background spatial standard deviation. The upper dotted line represents the thresh-

old between on- and off-states as described in Appendix E.2, though the method is

not strictly applicable to these sharp changes. In this case there are examples where

the QD sample is still on despite falling below the dotted line, but as a measure of

complete quenching, the QD fluorescence falls to the level of the solid black line in all

cases, the median background level. There is no difference between the QD samples

and the background. The QD fluorescence is completely quenched.

In order to compare the effect of GFP at various concentrations three separate

dilutions of GFP were prepared in Tris buffer, a 300x diluted sample, a 300,000x

diluted sample and a 3,000,000x diluted sample. The original undiluted sample of

GFP has a concentration of 10 µg/mL and is diluted in Tris buffer (pH 8.5). While

GFP caused complete quenching independent of photoexcitation in all samples, the

speed at which the sample is quenched is dependent on the GFP concentration. At

higher concentrations, the samples quench more quickly, these results are shown in

the histograms in Figure 6.2, which consider the first 5 sec immediately following
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the addition of GFP, where the change in fluorescence is greatest and the following

10 secs, 5-15 secs after the addition of GFP. The change in both the spatial signal

mean and spatial standard deviation are shown. At the highest concentration, the rate

of change in the mean fluorescence signal was 8 - 11% in the first 5 secs compared to

the lowest concentration, where the rate of change in the fluorescence signal was only

4-5%. It is more useful to consider the spatial mean instead of the spatial standard

deviation as we have before, because these are very dense samples, we are not looking

at individual QDs. It would be interesting to repeat these experiments at even lower

concentrations of GFP than were used here, to determine how low a concentration we

could still detect. At very low concentrations we might expect isolated regions of the

sample, or even isolated QDs to be affected, which our system is not currently set-up

to detect, out current system can detect changes in the full 82 µm2 field of view. As

discussed previously, QDs have been shown to be sensitive to single molecules so it

is expected that with the appropriate tools we would be able to detect single GFP

molecules as well.

6.2 QDs - Gold seed particles

A second model we have looked at to study nano-material-QD interactions is the

interaction of QDs with gold seed particles. In this case the gold seed particles are

in the range of 6 - 8 nm in diameter. The quantum dots used in these experiments

are all CS CdTe/CdS + MPA QDs, though not all from the same batch. In initial
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Figure 6.1: Time series of spatial standard deviation for 12 QD samples extracted from
a single FOV, illustrating the effect of GFP. The blue trace is the sample signal; the
red trace is a background sample (a single background was used in all cases). The QD
samples are CdTe + MPA QDs diluted 300x, drop-cast on DETA silanized substrates
and left for several days to allow for the QDs to fall out of solution. The samples
are extremely dense and the signals are extracted from a film of QDs rather than
isolated QDs. Notice that in the first 25 secs, there is a slow decay in the fluorescence
signal characteristics of the bleaching observed in clusters of QDs under continuous
excitation. There is a sharp drop at the addition of GFP and then a continued decay.
GFP completely quenches the QD fluorescence. We make a comparison of the rate
of quenching for different concentrations of GFP.
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Figure 6.2: These histograms illustrate the increased quenching effect of GFP at
higher concentrations. The blue bars represent the most dilute solution of GFP while
the red are the most concentrated. The histograms in the left column show the effect
of the GFP in the first 5 secs after application and the histograms on the right are the
10 secs following, 5-15 sec after addition of GFP. The top row shows the quenching of
the mean signal and the bottom row is the change in spatial standard deviation of the
QD fluorescence. All percent change values, plotted as positive, represent negative
changes in signal level; a large percent change here means a greater decrease in signal
level. In all cases, the higher concentration of GFP, the red bars, show the fastest
change in the effect on fluorescence.
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experiments the QDs were first immobilized on the substrate and during real-time

acquisition, solutions of Au seed particles at different concentrations were dropped

on the substrate to look for changes in fluorescence before and after the addition of

Au nanoparticles. The addition of the Au nanoparticles caused distinct quenching

of the QDs, however as discussed previously, water has been demonstrated to cause

quenching in QDs in combination with photoexcitation and as such one can not

distinguish between the effect of the water and the possible effect of the presence

of Au seed particles in solution. In subsequent efforts we first mixed the QDs and

Au nanoparticles in solution at different ratios and used self-assembly to deposit the

mixed nanoparticles on the silanized substrate. In an effort to quantify any changes in

QD fluorescence as a result of the presence of the Au seed particles on the substrate in

varying concentrations, we consider the fraction of time the QDs are in an on-state,

how long they continue blinking before remaining off, their fluorescence intensity,

and the number of short blinking on-events compared to the occurrence of long on-

events. We also considered the effect of the excitation wavelength as an excitation

source closer to the plasmon resonance of the gold can be expected to influence the

interaction between the QDs and gold particles.

The results of these analyses are shown in Figures 6.3 through 6.7. In these figures,

since the QD blinking times vary from very brief to long, we have taken the log of

the time or log of the time fraction of the data respectively in order to better present

the short and long on-events on the same scale.



171

We first consider the fraction of time the QDs spend in the on-state over the course

of the observation period. Figure 6.3 illustrates the effect of the excitation wavelength,

comparing our two available excitation wavelengths, 365 nm and 405 nm. The figure

on the left is for QD only samples, without Au seed particles, to establish a baseline

for any subsequent differences observed with the addition of Au nanoparticles. For

the QDs alone, there appears to be a nominal shift toward larger on-fractions when

excited at 405 nm as compared to 365 nm. A two sample KS test yields a p-value of

0.002, indicating that it can be said with some level of confidence that the distributions

observed do not arise from the same underlying distribution and there is a statistically

significant effect of excitation wavelength on the on-fraction of the QDs. The more

likely factor here, however, is that the excitation filters or dichroic beamsplitter do not

have the same transmission at these two different wavelengths, so while a change in

blinking as a function of wavelength would be unexpected, the intensity of excitation

is known to play a role. Similarly, in the comparison of excitation wavelength on

QDs in the presence of the Au seed particles, there is a stronger shift between the

two distributions. A KS test yields a p-value of 1.6 · 10−5, it can be said with a high

level of confidence that these two distributions do not arise from the same underlying

distribution. In the presence of Au, acknowledging the likely difference in excitation

intensity, the effect of the excitation wavelength may also play a role. Note, too, that

in comparing the two figures, in the presence of Au, there is an overall shift toward

smaller on-time fractions as compared with the samples containing only QDs.



172

Figure 6.3: Effect of excitation wavelength on QD on-fraction for QDs alone (left) and
in the presence of Au (right). For the QD-only sample there may be a nominal shift
toward larger total on-fractions for excitation at 405 nm, but the shift falls within
one standard deviation of the mean for the on-fractions measured for excitation at
365 nm and may be attributed to a difference in excitation intensity at the two
different wavelengths. For the samples containing both QD and Au seed particles
there is stronger shift as a function of wavelength that may indicate that the presence
of Au particles affect the QD blinking and the interaction is a function of wavelength.

Next, since it has been established that there are consistently variations from

sample set to sample set even for the same QDs, we make a direct comparison on

the same QDs, with and without Au seed particles, for samples prepared on separate

occasions. In Figure 6.4, all QDs contributing to both histograms were fabricated in

the same batch. QDs are CS QDs fabricated by method 2 with an 8 hr growth time for

the core and 2 hr growth time for the shell. The sample preparation procedures were

identical in all cases, self-assembly of nanoparticles on DETA silanized substrates, and

varied only in the concentration of nanoparticles in solution. On the left in Figure 6.4,

the QD-only sample is prepared by 15 sec immersion in a 200x dilution of QDs and

rinsed. The QD + Au samples are prepared by 15 sec or 1 min immersion in a solution
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containing 100 µL QDs : 100 µL Au : 20 mL purified water. All of these samples were

extremely dense and there was some difficulty in making measurements on single,

isolated QDs. The temporal trajectories are analyzed as discussed in Chapter 5 to

help ensure the statistics presented are for single QDs, clusters are removed from the

analysis. The histogram on the right in Figure 6.4 is composed of QD-only samples

that were prepared by 20 sec self-assembly of QDs on silanized substrates in either

500x or 2000x dilutions and rinsed. The QD + Au samples are prepared by 20 sec

self-assembly in a mixture of 40 µL QDs : 40 µL Au : 20 mL purified water. Even

at this dilution, the samples are extremely dense. Comparing the fraction of time

the QDs spend in an on-state, there is no difference between the QD and QD + Au

samples in the first set of samples, on the left (p = 0.22 in a two sample KS test).

On the right, there is a distinct difference between the two samples. In the presence

of Au, the QDs spend less time in an on-state (p = 4.2 · 10−6). The different results

obtained for the two sets of samples despite using QDs from the same fabrication

batch in each case cannot be clearly explained. The difference may be attributed to

the ageing of the QDs (the two sets of experiments were performed a week apart),

or the amount of time the samples were exposed to air between sample deposition

and observation or the density of particles on the substrate may play a role. The

samples on the left were prepared in a more concentrated solution than the set on the

right, though both were fairly dense on the substrate. A KS test on just the QD-only

samples from the two sets of samples indicates that the QDs themselves show different
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Figure 6.4: Direct comparison of on-fraction for QD-only vs QD + Au samples for
two different sets of samples. In the first case, left, little or no difference is observed
in the on-fraction with and without Au seed particles. By contrast, the samples on
the right show a strong shift toward smaller on-fractions in the presence of Au. All
samples are excited at 365 nm at the same excitation intensity. The CS QDs used in
all samples were fabricated in the same batch and the sample preparation is identical
except for the concentration of nanoparticles in the solution used for self-assembly.
For the sample on the left, the QD-only sample was prepared by 15 sec immersion
in a 200x dilution of QDs, which resulted in an extremely dense distribution of QDs
on the substrate. The QD + Au samples were prepared from a solution of 100 µL
QDs : 100 µL Au : 20 mL purified water with self-assembly times of 15 sec or 1 min.
These samples are extremely dense. For the figure on the right, the QD only samples
were prepared by 20 sec self-assembly in a 500x or 2000x dilution of QDs and rinsed,
these samples are also very dense. The QD + Au sample are prepared by 20 sec
self-assembly in a solution with 40 µL QDs : 40 µL Au : 20 mL purified water and
rinsed.

behavior that is unlikely to arise from the same distribution (p = 1.8 · 10−4). This

does not, however, change the conclusions that may be drawn regarding the effect

of the Au particles since we are able to make direct comparisons for a given set of

samples. It adds to the evidence that the susceptibility of QDs to their environment

is largely driven by their stability.

There is some evidence to suggest that the presence of Au results in QDs spending
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a smaller total fraction of the observation time in an on-state. If this is accurate,

we might expect there to be some change as a function of the concentration of the

Au in solution. Figure 6.5 shows on-fractions for two different QD:Au ratios, 1:1

and 1:5. Note that the actual concentrations of the QD and Au solutions are not

known, these numbers do not represent actual particle ratios, we can only make

relative comparisons between concentrations. There is very little difference between

the two samples in the amount of time the QDs spend in the on-state; the difference

is not statistically significant (p=.70). Similarly, the length of time the QDs continue

blinking before remaining permanently in a dark state shows little variation as a

function of concentration (p = .19). It is interesting to note however that for samples

with a higher ratio of Au, very few fluorescing QDs could be found at all and no time

data could be acquired. It may be that for larger fractions of Au seed particles, the

Au particles quench the QD fluorescence. Follow-up experiments should be done to

confirm this result.

Figure 6.6 combines the data for all QD and QD + Au samples, regardless of

solution concentration, self-assembly length and sample set. Most of the CS QDs

are from the same fabrication batch, but several contributing samples are from a

second CS fabrication batch, though the fabrication parameters were identical. The

distribution of total fraction spent in the on-state has a distinct shift between QD-

only and QD + Au samples. In the presence of Au, the fraction of time the QDs

spend in an on-state is shifted toward smaller fractions. On average, the QDs in
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Figure 6.5: Investigation of on-fraction and total time before quenching of QD flu-
orescence as a function of the Au seed particle concentration. Samples with ratios
of QD:Au of 1:1, 1:5 and 1:10 were explored. The data for 1:1 and 1:5 ratios are
presented here with little detectable difference. In samples prepared at a 1:10 ratio
very few fluorescing QDs were detected.

the QD + Au samples are on 0.7% ± 1.1% of the time. The average on-fraction for

QD-only samples is 2.4% ± 3.3%. As measured by a two-sample KS test, the shift in

the two distributions is highly statistically significant, p = 1.7 · 10−7.

We can perform these same analyses on the length of time the QDs remain blinking

before permanently remaining in a dark state. A two-sample KS test on the two data

sets indicates that the differences total blinking time before quenching between the

two data sets, QD-only and QD + Au is statistically significant. At a significance level

of 0.01 the null hypothesis that the two distributions arise from the same underlying

distribution may be rejected, p = 2.8x10−4. Figure 6.7 shows the combined data for

all QD and QD + Au samples regardless of concentration, though with otherwise

identical sample preparation methods. In the presence of Au, the QDs quench more

quickly.
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Figure 6.6: Results of all QD-only and QD + Au experiments, regardless of solution
concentration and QD:Au ratio. Most of the QDs used in the experiments came
from a single batch, but a few were from a second batch of CS QDs fabricated using
the same procedure. There is a statistically significant (p = 1.7 · 10−7) shift toward
smaller fractions of time in the on-state for QD + Au samples as compared to QD -
only samples.

Figure 6.7: Results of all QD-only and QD + Au experiments, regardless of solution
concentration and QD:Au ratio. Most of the QDs used in the experiments came from
a single batch, but a few were from a second batch of CS QDs fabricated using the
same procedure. There is shift toward faster quenching in the QD + Au samples as
compared to QD - only samples. A comparison of the data sets using a two-sample KS
test indicates the null hypothesis that two data sets arise from the same underlying
distributions can be rejected at a significance level of 0.01 (p = 2.8x10−4).
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Turning toward other metrics to look for differences between the QD-only and

QD + Au samples there are not statistically significant differences in their intensities

in the on-state. It is not clear whether there is a decrease in short on-events in

the presence of Au and the range of long on-events in the presence of Au is not

significantly longer or shorter.

The data presented here demonstrate that there is a statistically significantly

influence on the QD fluorescence in the presence of Au. It should be noted, however,

that the Au seed particles are stabilized with ascorbic acid so the interactions we

observe are likely associated with the interaction of the stabilizing ligands of the

QDs and the stabilizing ligands of the Au seed particles, and less the influence of

the Au itself on the QD fluorescence. It should furthermore be considered, that in

sample preparation more clustering was routinely observed in the QD + Au samples

as compared to QD-only samples. The data analysis methods here are applied only

to single QDs, as determined by blinking and temporal fluorescence trajectories, this

may bias the data in that it does not take into account the clustering that may arise

in the presence of the Au and how that may influence the fluorescence characteristics.

We are also not able to demonstrate by these methods the strong quenching effect

expected of Au particles as the measurements are dependent on there still being a

measurable level of fluorescence. As previously mentioned, in the samples with the

highest relative concentration of Au particles, no QD fluorescence was observed. QD-

only samples prepared at the same QD concentration as the QD-Au samples but
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without the Au particles yielded very dense distributions of fluorescing QDs on the

substrate.

In follow up experiments, the total concentration of QDs and Au seed particles

on the substrates should be reduced to make identification of single particles easier

and to help reduce the clustering that occurs in dense samples. The ratio of QD:Au

particles should be explored further to help establish the influence the Au particles

may be having on the QDs. It would also be valuable to establish the relative locations

of Au and QD particles to confirm the influence of the Au particles. This may be

facilitated by photoexcitation EFM experiments.

In order to effectively study changes in blinking dynamics, it may be valuable to

explore other tools and techniques, keeping in mind the end goal of developing a fast,

wide field imaging tool. One technique that has been successfully demonstrated is

total internal reflection fluorescence microscopy in combination with image correlation

spectroscopy [127]. Wiseman et al. have successfully demonstrated that they are able

to detect changes in the blinking dynamics using this technique, with the caveat that

the technique only works over a narrow experimental parameter space, which in their

case is excitation intensity. We might expect the same to be true as we vary other

parameters that affect blinking, but that by applying ICS methods we may accomplish

the goal of detecting changes in blinking dynamics that would enable the use of QDs

as nanosensors.
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Conclusions

We have successfully fabricated aqueous colloidal CdTe QDs, exploring various fab-

rication parameters in the process. We have focused on using MPA as a stabilizing

ligand because we are able to fabricate QDs particularly rapidly and the carboxyl

functional group is convenient for immobilization of the QDs. QD growth in a more

controlled fabrication environment has enabled consistent results, stable QDs with

predictable PL emission for a given growth time and reasonable photostability. QDs

that remain blinking long enough to carryout experiments that depend on the QD

fluorescence is important to their potential applications. The procedure continues to

be refined, exploring parameters including precursor ratio and fabrication pH, which

affect QD growth rate and PL emission and impact their sensitivity to environmental

parameters, which is particularly interesting in the study of QDs as nanosensors.

After characterizing the spectral and physical properties of the QDs, the QDs

have been successfully immobilized on glass coverslips, silicon and ITO coated glass

substrates. The immobilization of the QDs with uniform distributions of QDs across

the surface has been achieved using self-assembly of QDs on DETA silanized sub-

strates. We have characterized the fluorescence properties of QDs immobilized on

DETA and demonstrated changes in the fluorescence characteristics of QDs as they

interact with nano-materials. The examples studied, GFP and Au seed particles,

both showed quenching of the QDs. GFP showed concentration dependent quenching,
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which would be interesting to explore further at lower concentrations. The influence

of Au seed particles has a greater dependence on the QD fabrication details, but also

cause quenching, a decrease in photostability and result in shorter fluorescence on-

fractions in the QDs. The successful immobilization of QDs on a substrate and the

demonstration of QD-nano-material interactions illustrate the potential application

of QDs to nanoscopy to achieve wide-field sensing with high resolution.



182

Follow-Up Work

There are many directions this work can proceed, from continued improvement of

the various elements, to further demonstration of the nanoscopy principle with the

use of QDs. Refinements to the fabrication of QDs is a project many scientists are

working on around the world. It is unlikely that truly non-blinking QDs will ever be

developed in that most everything exhibits blinking properties, however, the photo-

stability can certainly improved. As we have demonstrated in the work done here,

there are a tremendous number of variables to be considered in the QD fabrication

process. We have tried a number of different techniques that have shown improvement

to various QD properties. Continued refinement of the fabrication process to develop

a repeatable procedure to produce photostable QDs will be an important step in this

effort.

Once we have a consistent QD fabrication procedure that produces repeatable

results, we can focus on other aspects that may be refined. We have been able to

successfully immobilize QDs on a substrate with uniform distributions using self-

assembly on a silane functionalized substrate. The parameters of self-assembly can

be further defined, to achieve more dilute concentrations of QDs and reduce the ap-

pearance of clusters, which occur for high concentrations. We have primarily worked

with DETA silane at this point and there is some evidence that DETA affects the

QD fluorescence characteristics, though this is also a function of the QD fabrication
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parameters. It may be interesting to explore this further from two directions. First,

from an applications standpoint in terms of fabricating QDs that are not affected by

the DETA and/or experimenting with other silanes. Second, this discovery is inter-

esting from the standpoint of understanding the fundamental physics of QD blinking

and the interaction between the QDs and substrate. The high density of amines

in DETA likely interact with the QDs in a distinct manner from the hydroxylated

surface or the functional groups in another silane.

Beyond these improvements to the work that has been done to date, the next steps

in the project are to immobilize QDs of varying sizes (varying fluorescence emission

colors) on a single substrate and map their positions, demonstrating the high spatial

resolution achievable as a result of the narrow emission profiles of QDs. Interaction

with other nano-materials beyond the cases that have been studied here can be ex-

plored and the concentration of the nano-materials present in the QD environment

can be further reduced to test the sensitivity of the system. To enable these high

sensitivity experiments, improved data extraction algorithms or a different data ac-

quisition system should be explored because the current system is too clumsy to make

this feasible.

QDs are fascinating particles, with interesting physics to be studied and a wide

range of applications to explore. The opportunities for further study are abundant as

there is a lot that is not understood about QDs themselves or about how the various

elements of a project of this scale interact.
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Appendix A

Chemicals and Sources

All chemicals were purchased from Sigma-Aldrich and used as received unless other-

wise noted.

Chemicals used for QD fabrication

Cadmium nitrate tetrahydrate (Cd(NO3)2 · 4 H2O), purum p.a., ≥ 99.0% (T)

Sodium borohydride (NaBH4), powder, ≥ 98.0%

Tellurium (Te), powder -200 mesh, 99.8% trace metals basis

Zinc nitrate hexahydrate (Zn(NO3)2 · 6 H2O), reagent grade, 98%

Thioacetamide (CH3CSNH2), ACS reagent, 99.0%

Ligands used for CdTe quantum dot stabilization

3-mercaptopropionic acid (MPA), (HSCH2CH2CO2H), ≥ 99%

Thioglycolic acid (TGA), (HSCH2COOH), ≥ 98%

Cysteamine hydrochloride (CA), (HSCH2CH2NH2HCl), ≥ 98% (titration)

Silanes used for QD Immobilization

3-Glycidoxypropyl Trimethoxysilane (GLYMO)

3-Aminopropyl Triethoxysilane (APTES)

N1-(3-Trimethoxysilylpropyl)diethylenetriamine (DETA or triamino-APMS)
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Appendix B

Quantum Dot Fabrication Methods

B.1 Synthesis of MPA-capped CdTe Core-only Quantum Dots

B.1.1 Method 1

Preparation of Cd 2+ Precursor Solution. 1.85 g of CdN2O6 · 4 H2O is dis-

solved in 15 mL of deionized water, the resulting concentration for the Cd 2+ ion is

0.4 M. This stock solution is stored in the refrigerator at 4 ◦C. Only a small portion

is used for a given fabrication batch and the stock solution may be stored for several

months.

Preparation of Te 2– Precursor Solution. 0.150 g of NaBH4 and 0.127 g of Te are

dissolved in 3 mL of deionized water in a glass vial. A needle-sized hole is punctured

in the cap before closing the vial, to release pressure that builds up from the forma-

tion of H2 gas. The vial is placed in a beaker of water and kept in the refrigerator at

4 ◦C for 8 - 12 hrs.

MPA-capped CdTe QD fabrication. A 250 mL flask is cleaned by iteratively

rinsing and sonicating with isopropanol (IPA) followed by deionized (DI) water, re-

peating several times with fresh solution. The flask is then filled with 100 mL of DI

water, a magnetic stir bar is placed in the flask, and it is set on a hotplate stirrer

in a fume hood and set to stir continuously for the remainder of the process. N2

gas is introduced through a pipette with the tip submerged such that the solution is

gently bubbled with N2 gas. The flask is covered with aluminum foil to keep out dust
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and contamination. After N2 gas has been bubbled through the water for at least

10 mins, 2.500 mL of the 0.4 M Cd 2+ precursor solution is added and stirred for 10

mins before adding 150 µL of 11.48 M MPA. At this point, 50% NaOH is added one

drop at a time until the opaque solution turns clear, which corresponds to approxi-

mately pH 11. During this time, N2 continues to be bubbled through the solution.

After another 10 mins, half by volume of the Te 2 – precursor solution is added. It is

important to draw only from the top layer, and not the precipitate at the bottom of

the vial and to make the transfer quickly as Te 2 – oxidizes rapidly in air. After a few

minutes of allowing the solution to mix well, discontinue bubbling N2 gas through

the solution and cover this neck of the flask and turn on the heat for the hotplate on

medium high, so that the solution is just at it’s boiling point. The molar ratio for

the Cd, MPA and Te precursors in this method is 1 : 1.72: 0.5.

Samples are extracted at the desired intervals depending on the QD size and

emission wavelength desired. Fluorescence starts to develop after about 30 mins.

Typical samples are extracted after 6 hrs, which have an emission wavelength near

585 nm. After extraction of a sample, sample vials are hydro-cooled in a beaker of

water and stored in the refrigerator. Samples stored in the refrigerator still show

strong ensemble fluorescence after many months, but an increase in blinking behavior

over time.
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B.1.2 Method 2

Preparation of Cd 2+ Precursor Solution. The Cd 2+ is prepared identically

to method 1.

Preparation of Te 2– Precursor Solution. The Te 2 – is prepared in the same way

as method 1, but is left to react at room temperature for exactly 30 mins instead of

being refrigerated for hours.

MPA-capped CdTe QD fabrication. Many of the changes in the experimental

set-up do not represent a different procedure so much as improvements to apparatus

to maintain a more controlled fabrication environment in order to improve the quality

and repeatability of the fabricated QDs.

A 100 mL 3-neck round bottom flask is cleaned by iteratively rinsing and soni-

cating with IPA followed by DI water, repeating several times with fresh solution.

The flask is then filled with 75 mL of DI water, a magnetic stir bar is placed in the

flask, and it is set on a stir plate in a fume hood to stir continuously at medium

speed for the remainder of the process. The 3-necks are sealed: the middle one with

a condenser, one with a rubber stopper and the third allows Ar gas to be introduced

into the system via pipette. After flowing Ar through the system for at least 15 mins,

precursor materials are introduced using a syringe through the septum. 1.880 mL of

Cd 2+ precursor solution is added and stirred for 10 mins before adding 130 µL of

11.48 M MPA solution, immediately followed by 1.125 mL of the NaHTe precursor

solution. The molar ratio of Cd to MPA to Te is 1 : <1.7 : < 0.5. The continuously
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stirred solution will foam vigorously and should be covered immediately. The pH of

the solution is adjusted to pH 9 by dropwise addition of 10% by volume NaOH. The

color of the solution changes from a yellow-opaque color to a transparent shade of

red. The solution is then heated to 100 ◦C using a spherical heating mantle (100A

O963, Glas Col) that encloses the round bottom flask to provide uniform heating

with a thermocouple providing active feedback to a temperature controller (DigiTroll

II, 104A PL612, Glas Col). QD growth proceeds under reflux and samples are ex-

tracted at the desired intervals depending on the QD size and emission wavelength

desired. Typical samples are extracted after 6 hrs and have an emission wavelength

near 585 nm since carrying out experiments with consistent QDs are of greater in-

terest at this point than the range of QD emission (i.e. sizes) that can be achieved.

After extraction of a sample, sample vials are hydro-cooled and sealed with parafilm

and stored in the refrigerator until use. Samples can be stored in the refrigerator for

many months and still show strong fluorescence; however, we typically use QDs that

are less than a month old as there appears to be a distinct change in their blinking

behavior and photostability after about a month.

B.1.3 Method 3

Beginning in January 2011 the fabrication procedure underwent further refine-

ments that represent a return to the basic order and principles of method 1, employ-

ing the improved fabrication apparatus described in method 2 and incorporating the

most recent developments in the literature [28,48,59].
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Preparation of Cd 2+ Precursor Solution. The Cd 2+ is prepared identically to

method 1.

Preparation of Te 2– Precursor Solution. The Te 2 – is mixed in the same way

as method 1, and is allowed to react for 30 mins as in method 2, but is now heated

to 80 ◦C as described by Zou and Aldeek [27,48].

MPA-capped CdTe QD fabrication. The cleaning process and the fabrication

apparatus including the 3-neck flask with heating mantle, condenser and bubbling

with Ar gas are identical to method 2. The order of precursor addition and the tim-

ing follow method 1. The molar ratio of precursors is adjusted to reduce the ratio of

Cd 2+ to MPA. The molar ratio of precursors Cd : MPA : Te becomes 1 : 1.7: 0.5 and

the pH, which is adjusted prior to adding Te 2 – , is increased to pH 12 by dropwise

addition of 10% by weight of NaOH. The pH is observed to steadily decrease (though

not at a constant rate) during the QD growth, which proceeds much more rapidly

than by the previous methods and produces QDs with significantly higher PL QY.

It was later realized that a high ratio of Cd:Te plays a significant role, this is

discussed in the same papers cited above, but the ratio was initially left at 1 : 0.5 in

our initial experiments at high pH. The latest refinement to the fabrication procedure

as of early 2011 is to reduce the amount of Te precursor such that the overall ratio

Cd:MPA:Te is 1 : 1.7 : 0.1 at pH, which enhances the Ostwald ripening process.
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B.2 Synthesis of Core-Shell Quantum Dots

B.2.1 Synthesis of Graded Shell CdTe/ZnTe Quantum Dots

The original technique I began with in an effort to fabricate core-shell QDs was

modeled after Wang’s 2009 work on non-blinking QDs [45]. Wang uses a graded shell

to avoid the sharp step in bandgap change with the transition from core material to

shell material. This is achieved by making a slow transition to shell material in an

effort to create a continuous change in bandgap. Their work focused on alloyed cores of

CdZnSe with a ZnSe shell and used the organometallic fabrication method. I attempt

to develop an analog to their technique for the growth of aqueous CdTeZn/ZnTe core-

shell QDs.

The method begins with the fabrication of CdTe core-only QDs following method 1

above. When the desired core PL emission wavelength is reached a large volume,

40 mL, is extracted and rapidly cooled in water. The QDs are purified by adding 2 -

3x the QD volume in IPA and centrifuging the solution for 10 mins, pouring off the

supernatant, adding fresh IPA and centrifuging for another 10 mins. The supernatant

is again poured off and the QD precipitate is re-dissolved in DI water.

To begin the shell synthesis, the fabrication set-up and the procedure is essentially

identical to the core fabrication method. 10 mL of DI water is bubbled with N2 for

10 mins while stirring on a hotplate. 150 µL (1.72 mmol) of MPA are added and NaOH

is added dropwise to achieve a transparent solution. 5.5 mL of the purified core-only

CdTe QDs are added to the flask and stirred, bubbling with N2 is discontinued and
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the solution is heated to just below the boiling point of the solution. After 5 mins

the solution has turned an opaque orange and additional NaOH is added to return

to a transparent solution. 300 µL aliquots of 0.4 mM Zn 2+ and 0.1 mM Te 2 – are

alternately added at 20 sec intervals, adding each precursor 4x. The fabrication

solution continues to be heated and stirred and samples are extracted periodically to

monitor shell growth. Based on peak PL spectra the sample with 10 min shell growth

is selected and purified using the same process as the core-only QDs, precipitated out

by the addition of IPA and centrifuged and the precipitate is re-dissolved in DI water.

To begin the synthesis of the second shell, 10 mL DI water are placed in a clean

3-neck flask and bubbled with N2 for 10 mins and stirred on a hotplate. 3.124 mL

(1.25 mmol) Zn 2+, 1.5 mL, or half by volume of the 1 mmol solution of Te 2 – and

461 µL (6.0 mmol) MPA are added to the flask. The solution is a light opaque orange.

NaOH is added dropwise until the solution turns a transparent burnt orange. The

mixture is covered and stirred with continued bubbling with N2 for 10 mins. 3 mL

of CS QDs are added, stirred and heating begins. Samples are extracted periodically

and hydrothermally cooled, the CSS QDs begin fluorescing after about 30 mins of

shell growth, measured from when heating begins.

Some results by this technique are presented, however Lau took over QD fabri-

cation at this point in the development of our QD fabrication techniques and this

method of a graded shell on aqueous QDs was not pursued.
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B.2.2 Synthesis of CdTe/CdS Core-Shell Quantum Dots

Lau follows Peng’s procedure for shell-growth, using thioacetamide (CH3CSNH2)

as a sulfur source for the growth of a CdS shell [60]. Lau starts with 55 mL of the

as-prepared CdTe core-only crude reaction solution prepared by method 2 that has

been growing at 100 ◦C. To begin shell growth, 0.133 mmol of CH3CSNH2 is injected

into the solution incrementally. The concentration of the CH3CSNH2 solution, where

the CH3CSNH2 is dissolved in DI water, and the rate at which it is added, are varied

in an effort to experiment with the growth of graded shells. A typical scenario is

to use 1.5 mL of .089 M CH3CSNH2 solution, injecting it into the fabrication flask

at a rate of 0.2 mL/min. For a volume of 1.5 mL, addition CH3CSNH2 occurs over

the course of 7.5 mins. The shell growth time is measured starting from the first

injection of the shell source, which means that for a shell with a 15 min growth time,

growth was allowed to continue 7.5 mins beyond the last injection of source material.

QDs continue growing without further addition of shell material and are extracted at

the desired intervals. The shell causes a red shift in the emission wavelength of the

quantum dot. For a core with peak emission at 585 nm, after 1 hr of shell growth the

peak emission shifts to 605 nm.
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Appendix C

Instruments Used in QD Characterization

C.1 Photoluminescence, Photoluminescence Excitation and
UV-Vis Absorption Spectroscopy

Photoluminescence (PL) and photoluminescence excitation (PLE) spectra are

measured using a PMT detector at room temperature with a Horiba Fluorolog-3

spectrofluorometer, with tunable excitation wavelength from a 450 W CW Xenon

lamp.

Ultraviolet-visible (UV-Vis) absorption spectra are recorded at room temperature

using a Jasco V-670 spectrophotometer. The analysis range depends on the sample

and typically ranges between 400 and 750 nm. The scan rate is 400 nm/min.

C.2 Fluorescence Microscope

Fluorescence data are acquired using a Zeiss Axio Observer Z1 inverted fluo-

rescence microscope. The excitation source is a 100 W mercury arc lamp (HBO), a

broadband source that is filtered by a manual attenuator and excitation filter/dichroic

beamsplitter combination in an internal turret. There are two filter cubes in the in-

ternal turret, Figure C.1, all filters are from Omega Optical. The first filter cube

contains an excitation filter (XF1005 365WB50) that passes the 365 nm emission line

of the HBO lamp with 40 - 50 % transmission and a dichroic beamsplitter (XF2001

400 DCLP) with greater than 90% transmission for wavelengths longer than 400 nm.

The second filter cube contains an excitation filter (XF1008 405DF40) centered at
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Figure C.1: Transmission curves for the Omega Optical filters used in the fluores-
cence microscope. One set is a 365 nm excitation filter with a high-pass dichroic
beamsplitter with cut-on at 400 nm. The second set is an excitation filter centered at
405 nm with a high-pass dichroic beamsplitter with cut-on at 435 nm. The emission
filters are selected externally.

405 nm with 40% transmission between 380 nm and 420 nm. The accompanying

dichroic beamsplitter is a high-pass filter with cut-on at 435 nm and 90-95% trans-

mission (XF2040 435DRLP).

The excitation source is focused on the sample from below (through the glass

coverslips) using an Alpha Plan-Apochromat oil immersion NA 1.46, 100x objective.

The same objective collects the fluorescence emission, which passes through an ex-

ternal filter wheel containing 8 filters centered at 525 nm, 565 nm, 585 nm, 605 nm,

655 nm, 705 nm, 755 nm and 805 nm, which are each 20 nm wide, before reaching the

detector, a Princeton Instruments/Acton PhotonMAX 512B EMCCD camera. The

proprietary Zeiss AxioVision software is used for data acquisition and extraction, and

data analysis is performed in MATLAB.



195

The 100x, NA 1.46 oil immersion microscope objective achieves a lateral resolution

in the sample plane of

Dxy =
0.61λ

NA
=

0.61 · 500 nm

1.46
= 209 nm

for a nominal emission wavelength of 500 nm. Using the 100x objective, the diameter

of the Airy disk on the CCD is 42 µm. The 16 µm2 pixels on our EMCCD, permits

better than Nyquist sampling. The field of view of each pixel at the object plane is

160 nm and the field of view of the 512 x 512 detector array is 81.92 µm.

C.3 Atomic Force Microscope (AFM)

The AFM used most frequently for studying the QD samples is a Veeco Innova

Scanning Probe Microscope equipped for use with both an open loop 5 µm scanner

(z range > 1 µm) and a 100 µm scanner with closed-loop control (z range > 7.5 µm).

For our data, the instrument is used most frequently in tapping mode for topography

images and electrostatic force mode (EFM) for producing phase images and studying

the electrostatic fields of samples. The standard system software, SPMLab v7 is used

for data acquisition and Gwyddion is used for image processing and data analysis.

Probes varied based on AFM mode and those used are summarized by mode and

characteristics in Table C.1

C.4 Scanning Electron Microscope (SEM)

An Hitachi S-4800 Type II Ultra High Resolution Field Emission Scanning Elec-

tron Microscope (SEM) with a NanoTrace LN-Cooled Si(Li) Thermo Scientific EDS
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Probe Force Resonant Tip
Model Material Coating Mode Constant Frequency Radius

(N/m) (kHz) (nm)

RTESPA Si Al tapping 40 300 8
CONT20 Sb doped Si none contact 0.9 20 8
FESP Sb doped Si none tapping,

force
2.8 75 8

SCM-PIT Sb doped Si Pt/Ir electrical 2.8 75 20
MSNL SiN Au tapping,

contact
0.01 - 0.5 7 - 120 2

Table C.1: All probes from Bruker AFM Probes (formerly Veeco Probes). Specifica-
tions are nominal values. For precise measurements, each probe should be individually
characterized.

detector in a NORAN System SIX Microanalysis System is used to acquire SEM data.

The SEM uses a cold field emission electron gun with 1 nm resolution at 15 kV, 2 nm

at 1 kV (standard mode).

C.5 Transmission Electron Microscope (TEM)

TEM imaging is performed with the help of the staff of The University of Arizona’s

University Spectroscopy and Imaging Facilities (USIF). The instrument is a Hitachi H-

8100 Transmission Electron Microscope, a conventional TEM that operates at 200 kV

with an LAB6 electron source and high resolution CCD camera.
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Appendix D

Substrate Preparation Procedures

D.1 Substrate Cleaning

D.1.1 Oxygen Plasma Cleaning

A common cleaning method used for glass, optical components and semiconduc-

tors is oxygen (O2) plasma cleaning. This is the most basic cleaning process we

employed in preparing the substrates, using a Plasmatic Systems, Inc Plasma-Preen

II - 862, which has an induction coupled barrel reactor geometry. The O2 plasma

is achieved using a water cooled microwave system containing an 8” x 6” x 2” reac-

tion chamber made of Pyrex and aluminum. The substrates are placed flat on the

aluminum surface and the Pyrex chamber is sealed closed and vacuum is drawn on

the chamber. A microwave source with 2.45 GHz frequency and 100 - 500 W power

imparts sufficient energy to the remaining molecules in the chamber that they disso-

ciate, releasing high-energy electrons and forming a plasma. In our case we do not

have an oxygen source, it is an air plasma that forms in the vacuum chamber, but

the oxygen molecules are the most reactive species in the air plasma. The chamber

glows purple at this stage as energetic electrons recombine with the ions. The oxy-

gen molecules, which have lost electrons, are now oxygen radicals (molecules with

unpaired electrons) and are extremely unstable and therefore react quickly. These

oxygen radicals act as strong oxidizers of the organic materials on the glass coverslips

or other substrates in the reaction chamber. In this way, O2 plasma cleaning removes
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organic films and residues on the substrates from dust and skin oils.

O2 plasma cleaning leaves the surface very hydrophilic, which is significant to

how the surface chemistry proceeds after cleaning and is especially convenient for the

aqueous QDs, which are diluted in purified water. Other benefits of the O2 plasma

cleaning method is that it is an environmentally friendly cleaning process in that it

does involve the traditional strong acids. Furthermore, it requires the least precision

and is completed quickly. For the surface preparations in this work, the substrates

were typically left in the O2 plasma cleaner for three minutes. The substrates must

be used immediately after cleaning, as the surfaces will quickly become contaminated

again when they are exposed to air.

D.1.2 Piranha Etch

A second substrate cleaning method that is often used in the cleaning of sub-

strates is piranha acid. Piranha acid can be used for both glass coverslips and silicon

substrates. It is a common technique for cleaning substrates though must be carried

out with great care as piranha acid is a very strong acid and the reaction in the acid

preparation is highly exothermic and very dangerous.

Initially the substrates were mounted in fluoroware boats. Fluoroware is one of the

few materials that can withstand the strong acid. That said, after many experiments

using the fluoroware boats, it was discovered that this material eventually breaks down

when subject to pirahnic acid on a regular basis and we found our substrates coated

with small fluoroware nanoparticles. In the end we switched to Columbia staining
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jars (Ted Pella, Inc 21040) for mounting the coverslips in the cleaning process. These

glass jars can tolerate the heat and acid of the cleaning process and have baffles to

keep the substrates vertical. We found irregular patterns result if the substrates are

not vertical in either the cleaning or silanization processes.

To begin the cleaning processes, prior to cleaning in piranha acid, the substrates

are sonicated for 30 mins in a 1:1:1 solution of acetone, methanol and 2-propanol.

Afterwards the substrates are carefully rinsed in purified water and dried in a stream

of N2 to remove all organics before being immersed in a piranha solution, composed of

a 3:1 ratio of sulfuric acid (H2SO4) to hydrogen peroxide (H2O2). The bath is left on

a hotplate at 100 ◦C for 30 - 45 mins. To rinse the piranha solution, the substrates are

rinsed under a continuous stream of purified water and then sonicated for 10 mins in

fresh water. Finally, they are rinse in a stream of water once more and are ready for

sample preparation. If the substrates will be silanized, they are rinsed in ethanol and

can be stored in ethanol for a couple of days before silanization, though they are best

used soon after piranha etching. If the substrates will be silanized they are always

piranha etched as opposed to O2 plasma cleaned as this method best hydroxylates

the surface for silane bonding.

D.1.3 Cleaning ITO Coated Substrates

Thin film ITO requires a different cleaning process from the glass coverslips and

Si wafers where one is working with the chemistry of silicon oxides. To clean the

ITO coated glass substrates, the surface is first scrubbed with a dilute solution of
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Triton x100, typically a few drops dissolved in water, using a bottlebrush. The

substrates are then rinsed in a stream of water and sonicated for 10 mins in a beaker

of fresh water. Next the substrates are sonicated for 30 mins in a 1:1:1 solution of

acetone, methanol and 2-propanol then again rinsed in water and dried in a stream

of N2. Finally, to etch the surface, the substrates are dipped for 10 sec in HCl and

immediately rinsed in a stream of water and sonicated in purified water for 30 mins.

The thin film ITO is very sensitive to the etching of the HCl, longer times at high HCl

concentration will etch through the ITO to the glass substrate. To gain more control

over the time-in-solution, more dilute solutions of HCl may be used. Unlike the glass

wafers and Si substrates which can be re-cleaned if they are not used quickly, the ITO

coated substrates may not be etched more than once or there is a risk of removing

the thin film entirely or leaving discontinuous patches, which are not sufficient in

experiments requiring a conductive substrate.

After cleaning, QDs may be deposited directly if immobilization is not required,

for example in experiments characterizing the fluorescence characteristics of the QDs.

In the majority of experiments, however, the substrates undergo further processing

because ultimately the goal is to immobilize the QDs on the substrate in order to

study their interaction with nano-materials.
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D.2 Substrate Silanization

To immobilize the QDs using GLYMO, APTES or DETA silane, the substrates

are first cleaned as described previously. After a final rinse in DI water, the substrates

are rinsed with ethanol and dried in a stream of N2 and are ready for silanization

using one of the procedures described below, depending on the silane.

D.2.1 GLYMO

GLYMO is prepared by mixing 1 g GLYMO with 10 g isopropyl alcohol (IPA)

and 1 g 0.1 M HCL using a stir bar on a magnetic plate for a minimum of a few

hours, though sometimes much longer. The substrates, which are hydroxylated after

piranha etching, are silanized with GLYMO, by one of a couple of different methods

that were explored:

1. Spin-coating: GLYMO is drop-cast on the substrate then spin-coated before

baking in the oven at 120 ◦C for 15 min

2. Drop-casting: sufficient GLYMO solution is drop-cast on the substrate to fill

the substrate, which is then left to sit for 15 mins before rinsing with IPA. The

substrate is then baked in the oven for 15 mins at 120 ◦C

Note: in the spin-coating samples, it was often found that the GLYMO did not spread

evenly over the substrate.
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D.2.2 APTES and DETA

To silanize the substrates using APTES or DETA, the silane is mixed in ethanol

at 2-3% by volume. The substrates are submerged in the solution vertically and left

at 70 ◦C for 1 hr. Afterwards, the substrates are rinsed with ethanol (sprayed with

ethanol from a squirt bottle) and stored in fresh ethanol until ready for use; they may

be stored for several days.
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Appendix E

Fluorescence Data Extraction and Analysis

Methods

E.1 Data Extraction from the Fluorescence Microscope

Samples are typically first characterized spectrally on the fluorescence microscope

by taking a snapshot of the same field in each of the emission filters, as shown in

Figure E.1. This enables identification of the peak emission wavelength (within the

resolution of the 20 nm wide emission filters), which will be used to select the filter for

further characterization, as well as confirmation of single QDs. In the figure shown,

the peak emission is in the 585 nm band, most of the small fluorescing points only

show up in the 585 nm image. Larger fluorescing points tend to show up in multiple

filters, these may be QD clusters or contamination in the sample. Contamination,

which is typically organic materials such as dust has broadband fluorescence and is

easy to distinguish from the narrowband emission of QDs. A line profile may be

drawn across an individual fluorescing point in a field and the intensity emission over

space can be plotted for each emission filter, shown in Figure E.2, illustrating the

characteristically narrow emission of QDs. Note also that in the space on either side

of the QD itself the emission is about the same in all the filters. This is to be expected

for discrete QDs and is an indicator that the space between bright point objects is

bare substrate, a point which will become important in examples where that is not
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Figure E.1: This series of snapshots illustrates the spectral data that can be obtained
using the fluorescence microscope. There are 8 external emission filters (5 shown
here) and snapshots of the same field can be acquired in rapid succession through
each of the filters of interest to compare the variation in emission wavelength. QDs
tend to have very narrow emission so often show up in a single filter depending on
where the peak PL falls relative to the filter spacing. The larger spots that show up
in all 5 filters shown here are likely contamination in the sample.

the case in the context of the doped nanoparticles.

We are primarily interested in studying the temporal dynamics of QD fluorescence

using the fluorescence microscope. Once we have determined the relevant emission

filter we acquire time series data that permits the characterization of the blinking

statistics of the QDs: how fast is the blinking, is it characterized by long or short

on-times, how long do the QDs continue blinking before quenching under continuous



205

Figure E.2: An example of a spectral profile that can be extracted from a QD from
spectral data as shown in Figure E.1. A line profile is drawn across a single fluorescing
point and the emission in each waveband is plotted as a function of space. As shown
here, the background on either side of the QD of interest has the same intensity
across all bands, which is to be expected for bare substrate between isolated QDs.
The emission of the QD itself is very narrow and only shows up in a single filter.

Figure E.3: An example of time lapse imaging that can be done with the fluorescence
microscope, shown here are the first and last frames of a 5 min acquisition period
with a 100 ms exposure time for each frame. In time lapse imaging, the sample is
under continuous excitation and frames are captured continuously for the duration of
the acquisition period. We are looking at the photostability of the QDs in this case,
which would ideally continue fluorescing (or at least blinking) for the duration of the
acquisition period, or long enough to carryout the experiments of interest. In this
example, after 5 mins all small points of fluorescence are quenched and only clusters
remain.



206

excitation? To capture this information, time series data are acquired on a sample

under continuous excitation where frames with 100-200 ms exposure times are ac-

quired in rapid succession for the duration of the experiment time, typically 5 or 10

mins or until all QDs in the field are quenched. For a 5 min acquisition with a 100

ms exposure time per frame, this typically yields on the order of 1800 frames (there

is some system delay between frames, though the excitation shutter is not closed be-

tween frames). Figure E.3 shows the first and last frames from a 5 min acquisition

period where all the small points of fluorescence in the field have quenched and only

clusters remain.

The fluorescence image of a QD occupies several pixels. To extract the temporal

signal involves encircling the sample points to extract the data, as illustrated in

Figure E.4. A circle larger than the QD is drawn to enclose the QD of interest. A

second circle of the same size is drawn nearby in a region that does not have a QD,

this is the local background and is subtracted from the corresponding sample point.

This is repeated for many individual QDs in the FOV. The spatial mean and spatial

standard deviation of the pixels enclosed by the circle are extracted for each time step

using the AxioVision software and imported to MATLAB for further analysis. For

each time step the mean pixel value within the local background circle is subtracted

from the mean pixel value of the corresponding sample circle. Figure E.5 illustrates an

example of the data exported from AxioVision and plotted in MATLAB. The upper

left panel is the raw data for the sample circle, which contains the QD. The spatial
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mean within the sample circle is plotted for each time step, the peaks are the points

where the QD has blinked “on” and is fluorescing, thus increasing the mean counts

in the circle for that frame. The top right panel is the same data for the background

sample, the spatial mean over time. The curve observed in the QD-free background

sample arises from a known drift in the camera card used in our EMCCD, which is why

background subtraction is important. The lower left panel is the result of subtracting

the spatial mean of the background sample at each time step from the spatial mean of

the QD sample at each time step. Background subtraction removes the camera card

drift and any other sources of background fluorescence such as autofluorescence from

the immersion oil or substrates. The result after background subtraction should be

the variation in the mean due to the signal of interest, the change in QD fluorescence.

The bottom right panel is the spatial standard deviation at each time step for the

sample circle. The spatial standard deviation is a good measure of the blinking since

the circle enclosing the QD is larger than the QD and there will be a sharp change

in the spatial variation in intensity within the circle when the QD blinks on.

This analysis is repeated for many QDs in a given field to build up a statistical

characterization of the QDs in a particular sample in order to compare QD fluores-

cence as various sample parameters are varied. Figure E.6 shows a collection temporal

trajectories in spatial standard deviation for 12 different QDs extracted from a single

field of view. The peaks are “on” events; this figure illustrates the significant variation

in blinking behavior from QD to QD.
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Figure E.4: An example to illustrate how the data is extracted from AxioVision for
further analysis using MATLAB. Isolated fluorescing points of interest are encircled
and a neighboring background region that does not contain any QDs is also encircled
in order to do local background subtraction. Local background subtraction is impor-
tant due to spatial variations in the excitation source and to account for drift in the
camera card. The spatial mean and spatial standard deviation, integrated over the
pixels within the circle is exported for each circle for each frame in the series and
imported to MATLAB for further analysis.
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Figure E.5: Plots illustrating the data as exported from AxioVision without significant
additional signal processing. The top panels are the spatial mean within the circle
for the sample point and background region on the left and right, respectively. The
lower left panel is the result of performing the local background subtraction, leaving
the change in spatial mean within the circle due to changes in QD fluorescence. The
bottom right panel is the spatial standard deviation of the sample circle over time.
The spatial standard deviation proves to be a good measure of the on and off periods
of the QD because the blinking results in large spatial variations in signal intensity
within the sample circle. By comparison, changes in the spatial mean show smaller
signals changes since the local increase in intensity when the QD blinks on is averaged
across all the pixel enclosed within the circle.



210

Figure E.6: Time series of spatial standard deviation for 12 different QD samples
extracted from a single FOV. The blinking statistics of QDs are non-ergodic and
non-stationary. The transition from on- to off-state cannot be predicted and identical
QDs under the same continuous excitation may spend long or short periods in an on-
or off-state.
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E.2 Fluorescence Data Analysis Techniques

Figure E.7 shows the spatial mean over time for a typical set of background sub-

tracted blinking QDs extracted from a single FOV, capturing the “uncharacterizable”

nature of QD blinking where a given on- or off-state may last milliseconds or the

length of the observation time. In this figure with temporal fluorescence trajectories

of 15 different QDs in the same FOV, there are several QDs that blink on for a single

frame (100 ms) in this case, others that are on for nearly half the observation time

(3 mins), and others that exhibit both long and short events. Figure E.8 presents

the spatial standard deviation for the same samples and supports the argument that

the spatial standard deviation is a very good means of characterizing the blinking

behavior with lower noise and higher signal than the background subtracted mean

signal data. Many of the peaks represent obvious on-events, but what about some of

the smaller peaks?

Consider the example of sample 14 in Figures E.7 and E.8 (counting left to right,

top to bottom). Sample 14 is a QD which is quite bright and blinks on and off

with short, but frequent on times. Many events are clearly on or off, but how can

we rigorously determine when the QD is in an on-state? We use a combination of

methods to decide when a QD is on or not. Our system is not designed for high speed

events and instead is oriented towards high sensitivity. Given the long exposure times

used in acquistion, there is significant variability in the signal intensity for a given

QD, which may blink on or off in the middle of a particular exposure. The result is
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Figure E.7: Temporal trajectories of the background subtracted mean spatial signal
for 15 different QDs within a single field of view.
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Figure E.8: Temporal trajectories of the spatial standard deviation for 15 different
QDs within a single field of view.
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that even if the QD returns to the same brightness each time, the number of photons

counted will be different each time. Between this variability and the noise in the

signal from various sources including the detector and electronics, it can be difficult

to determine a threshold between the on- and off-states.

Given the method of signal extraction where the spatial mean and spatial standard

deviation over the sample circle are exported using a typical circle on the order of

16 pixels across, the signal is being averaged over approximately 200 pixels. The

fluorescing point of a QD might occupy on the order 3 x 3 pixels. When the QD blinks

on it will not have a significant effect on the mean signal across the pixels enclosed in

the circle, though it should exhibit an increase over the mean signal of the background

sample. The increased signal of those 6 - 10 ‘QD pixels’ will not necessarily make a

significant contribution to the 200 enclosed pixels, such that even after background

subtractraction the signal level is not large and it is difficult to identify a threshold

between on- and off-states. If we also consider the spatial standard deviation, it

becomes clearer. The spatial standard deviation of the background can be expected

to change very little in time; however, the spatial standard deviation of the QD sample

will spike every time the QD blinks on because all pixels will be approximately the

same and then a few pixels will suddenly become very bright and the variation across

all pixels enclosed will be large. We might expect that some combination of the mean

signal and the spatial standard deviation can be used to determine when a QD is

on or off. We look for a state that has simultaneously high mean and high standard
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deviation as an on-state and low mean and low standard deviation as an off-state.

One method of analyzing this kind of data with essentially two clusterings is k-

means clustering. By specifying two clusters, the iterative algorithm attempts to

assign each data point to one of the two clusters, minimizing the distance to the

centroid of the respective cluster for each data point. Plotting spatial standard de-

viation versus signal mean as in Figure E.9a it becomes apparent that there are not

two clearly defined and isolated clusters. Running k-means clustering for two clusters

produces the results shown in E.9b where the red and blue represent the division of

the assigned clusters. The division seems somewhat arbitrary and other methods for

identifying on- and off-states should be considered.

The more successful method to determine the on- and off-states is to use thresh-

olding. Part of the puzzle is determining which metrics to use for determining an

appropriate threshold. Given the small change in spatial mean that can be expected,

looking for changes in the spatial mean of the sample over that of the background

may not be ideal. However the variation in the background should not change signif-

icantly in either space or time. We therefore use the median of the spatial standard

deviation, σxy, and the temporal standard deviation, σt, of the spatial standard devia-

tion of the background sample for determining a threshold. Meanwhile, the temporal

variation in the spatial standard deviation of the QD sample can be expected to vary

significantly as the QD is blinking on and off. The “on” threshold is set 4 σt above

the spatial median of the background.
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(a) σ vs Mean (b) Results of k-means clustering

Figure E.9: Plot of spatial standard deviation verses signal mean. The plot on the
right illustrates the results of k-means clustering, which does not successfully identify
the on and off cases of QD fluorescence.

To mark a given time step as a QD in an on-state we use two criteria. While

the change in spatial mean when the QD blinks on will not be large, there should be

some increase so the first criterium is that the signal mean be greater than the spatial

mean of the background, which has been smoothed using a moving average with a

span of 5. The second criterium is that the spatial standard deviation of the signal

be 4 σt above the median of the background spatial standard deviation. Figures E.10

and E.11 illustrate the results of thresholding and it seems reasonable to say that the
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QD is in an on-state when the mean of the sample exceeds the threshold marked in

the first figure, 4σt above the median background spatial standard deviation, σxy.

The two figures also include the results of k-means clustering for reference. The

first figure, E.10, shows the spatial standard deviations of both the signal (blue) and

the corresponding local background sample (red). The solid black line through the

background spatial standard deviation marks the median in the background spatial

standard deviation where the median is used instead of the mean because it is less

effected by potential peaks, and outliers that are not “real,” but arise as a result of

common noise fluctuations. The black dotted line is the threshold determined as 4σt

above the median background. The green dots are the points picked up by the k-

means clustering as being in the on-state. This method will pick up the points that

have both large mean and large spatial standard deviation, but inspection of the figure

indicates there are many more “on” points than that method detects. The magenta

dots mark frames in which the QD is determined to be in an off-state as measured

by thresholding, which requires not only that the sample standard deviation exceed

the marked threshold line, but also that the signal spatial mean for that time step be

greater than the spatial mean of the background for the same time step. Since the

thresholding method is based largely on the comparison of the sample and background

standard deviations there is a more clearly defined line marking on and off regions.

The same points are marked on the plot of sample spatial mean in Figure E.11, where

the line is not as distinct. Looking at these types of plot it becomes less clear when
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a QD may be considered in an on- or off-state. Consider, for example, the first peak

in the figure, E.11, it is much lower than many of the other peaks that are clearly on,

and is not picked up by the k-means clustering method as an on-state, yet it is not

marked with a magenta dot either, which would determine it as an off-state by the

thresholding method. We take a closer look at this sample point as a verification of

the thresholding method, Figure E.12 zooms in on the acquisition frames surrounding

this peak and we see that thresholding marks the QD as off, possibly blinking on for

two frames, off for a single frame, back on for a single frame and then remaining off for

the remainder of the zoom window. Compare this to the image shown in Figure E.13,

which is the QD as observed during acquisition on the fluorescence microscope. The

time steps are marked and the QD of interest is circled. The QD does indeed appear

to be off, blink on for two frames, off for a frame back on for a single frame and

off again, consistent with the results of thresholding. The thresholding technique

and the selected parameters appear appropriate as means of determining the on- and

off-states of blinking QDs.

Returning to the plot of spatial standard deviation verses signal mean and compar-

ing the results of the thresholding algorithm, where on-states determined by thresh-

olding are circled in green, we find the thresholding method, picks up many more

points, shown in Figure E.14. There are in fact two distinct regions that appear re-

peatedly in plots of spatial standard deviation versus mean. There is a tight elongated

circle of points in the lower left corner. This tight cluster corresponds to the off-state,
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Figure E.10: Comparison of results produced by threshold and k-means clustering
displayed on the trace of spatial standard deviation for a single sample.

and the more widely dispersed points scattered up and to the right are consistently

the on-states. This behavior only deviates for samples that are clusters or otherwise

exhibit characteristics of not being single, blinking QDs, which serves as an additional

check when studying single QDs.

Once we have determined which QDs are in an on-state and when they have

blinked off, we can work to characterize this blinking behavior, looking at the fraction

of the overall acquisition time that the QD is in an on-state, how long or short

any given on interval is, the variation in intensity when the QD blinks on and the

photostability, how long does the QD repeatedly blink back on before remaining in
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Figure E.11: Comparison of results produced by threshold and k-means clustering
displayed on the trace of spatial mean for a single sample.

a dark state? We may then apply these metrics to various experimental scenarios to

look at the effect changes in substrate, such as the silane or an increase in excitation

intensity or the presence of nano-materials in the environment such as gold seed

particles have on the fluorescence characteristics of the QDs. Examples of these

analyses are presented in Figures E.15 - E.17 for the data set discussed to this point,

15 QD samples extracted from a single field of view. The sample is core-only CdTe
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Figure E.12: Mean background subtracted signal, marked with results of thresholding
algorithm. The points marked with magenta dots are in an off-state. Compare
to Figure E.13 to confirm the successful assessment of on- and off-states using the
threshold method.

Figure E.13: Frame by frame comparison of observed fluorescence signal matching
temporal trajectory in Figure E.12, which confirms good thresholding parameters.
The frames in which the QD appears off here are consistent with those in which the
thresholding algorithm mark the QD off in the previous figure.



222

Figure E.14: The blue cluster determined by k-means clustering are the on samples.
Using thresholding produces many more on-events, circled in green. The off-events
can be identified as the tight cluster in the bottom right corner and on-events are
all deviations from that over a continuous interval breaking away in increasing signal
mean and spatial standard deviation.

+ MPA QDs diluted 300x in purified water and drop-cast on an O2 plasma cleaned

glass coverslip. The total acquisition time is 3 mins and each frame is 200 ms. See

Figures E.7 and E.8 to review the temporal trajectories of each of the sample points.

Figure E.15 shows the distribution of intensities for the QDs when in an on-state,

with the earlier noted caveat that the collected photons depends on how far into the

exposure time for the frame the QD blinks on or off.

This sample exhibits long on periods and good photostability with many QDs
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Figure E.15: Distribution of the QD intensity when in an on-state, determined by
thresholding, for 15 different QD samples within the same field of view.

still blinking at the end of the acquisition time. As illustrated in E.16a, however,

for the 15 samples measured, fewer than a third remain blinking to the end of the

observation time and many cease blinking within the first minute. This sample on the

whole, spends a significant amount of time in an on-state as observed in Figure E.16b,

on-fractions are often less than 10%, depending on the experimental parameters. The

distribution in the length of a given on interval is shown in E.17, the vast majority

of on intervals last only a frame or two. We are interested in QDs with greater

photostability, exhibiting long on-events and which continue to blink over a long
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(a) Photostability (b) Fraction of time in the on-state

Figure E.16: Histograms illustrating the distributions for QD signals extracted from a
single sample. Left, the length of time the QDs in the sample continue blinking before
permanently remaining in an off-state. Right, the fraction of the total observation
time that the QDs spend in an on-state.

period of time. One of the comparisons we make from sample to sample is to determine

whether the QDs are characterized typically by short on-events or longer on-events.

The sample shown exhibits excellent photostability with fewer short on-events, there

are only 4 samples that show many (20 occurrences) single frame on-events, which

is better than average. The longest on-events from this sample range anywhere from

just a single frame to 135 frames, which for this sample collected with 100 ms exposure

times, represents a continuous on period of 13.5 sec.

The data extraction and analysis methods described here are used to assess QD

fluorescence characteristics as we vary fabrication parameters, characterize QDs im-

mobilized on substrates prepared under different conditions, and execute experiments
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Figure E.17: Histograms illustrating the distribution of times over which any given
on-state may last. For many QDs the vast majority of on-events last a single frame
or a few frames, typically on the order of 100-200 ms, but there are always on-events
which may last, in the case of sample 3 (counting left to right top to bottom), 135
frames, 13.5 sec

.



226

that intentionally affect the QD fluorescence. The metrics described here provide a

means of making comparisons from sample to sample. There is significant variation

between batches of QDs, but careful characterization of control samples allows the

differences as a result of varying experimental parameters to be observed.
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Appendix F

Introduction to Nanoparticles

As extensively discussed, one of the challenges in working with aqueous quantum dots

is the stability of their fluorescence emission, specifically their blinking and quenching

behavior. QDs are significantly more photostable than traditional fluorophores, but

to be realistically used in experiments dependent on their photoemission, the blinking

and quenching pose challenges. In an effort to overcome the challenges to microscopy

applications that quantum dots present, we explored an alternative fluorescing par-

ticle with greater photostability. Through a collaboration with Dr. Gangopadhyay

at the University of Missouri, we experimented with the use of fluorophore-doped

nanoparticles (NPs). Fluorophores suffer from similar bleaching and blinking in their

fluorescence under continuous excitation; however, these silica-based nanoparticles

are doped with many fluorophores, thus ameliorating the bleaching effect while si-

multaneously producing a brighter NP. The silica-based shell provide protection from

the environmental effects that lead to bleaching and the large number of fluorophores

contained inside the shell mask the blinking behavior of individual fluorophores.

We received two samples of Rhodamine 590 (Rhodamine 6G) doped nanoparticles

from the University of Missouri, a sample of nanoparticles with a diameter of 3 nm

and a second sample of 20 nm diameter particles. The Rhodamine 6G fluorophore

has peak absorption at 521 nm and peak emission at 545 nm, see the absorption and
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Figure F.1: Left: absorption spectrum of Rhodamine 6G with absorption peak at
521 nm. Right: fluorescence emission spectrum of Rhodamine 6G with peak emis-
sion at 545 nm. Figures from Oregon Medical Laser Center, ”Rhodamine 6G”.
http://omlc.ogi.edu/spectra/PhotochemCAD/html/rhodamine6G.html.

emission curves in Figure F.1. The nanoparticles are coated with carboxyl-containing

ligands and are stored in water at a concentration of 10 mg/mL. For long term

storage the nanoparticles are kept in the dark, frozen. We should note here that the

nanoparticles should have been stored at 4 ◦C, in the refrigerator; having been frozen

may or may not have affected the experimental outcome.

The experiments completed are similar to those performed on the QDs. We have

done initial characterization of the fluorescence characteristics of the two NP samples,

a study of the size distribution and dispersion of the particles on the substrate from

a dilute solution using SEM and AFM and made efforts to immobilize the NPs on a

silanized surface. Just as for the QDs, we have attempted to measure their response

to environmental changes including the presence of water or protein. Experiments

with NPs were not pursued, however, due to the insufficient brightness of individual

particles. We are unable to detect individual NP particles.
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Figure F.2: An 82 µm2 field of 3 nm NPs through the 565 nm emission and a spectral
profile on the right corresponding to the point circled on the left. The bright object
has peak emission at 565 nm, consistent with the peak emission of the NPs. However,
the regions on either side of the bright point object also exhibit fluorescence that
follows the same spectral profile as the NPs. For a sample in which the background
between NPs was clean and empty and the only fluorescence present were the NPs
themselves, these curves would lie on top of one another except at the peak itself.
Instead, what we observe is a significant gap indicating that there is fluorescence
in the background peaked at 565 nm. The implication is that the apparent point
fluorescence observed is actually large clusters and single NPs are not bright enough
to be detected individually.

F.1 NP Fluorescence Characterization

As for the QD samples, characterization of the NPs on the fluorescence microscope

begins with a look at the spectral properties. Peak emission for Rhodamine 6G is

545 nm, which falls between two of our emission filters at 525 nm and 565 nm. Unlike

the QDs, however, Rhodamine 6G has a much broader emission profile and we can

expect the fluorescence signal to show up in both of these filters, and fall off in the

other filters, but not as quickly as observed in QDs.
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Figure F.2 illustrates a typical NP sample. The sample was prepared by drop-

casting the NP solution on a DETA silanized substrate and leaving the sample

overnight to allow time for NPs to fall out of solution and adsorb on the substrate

surface. The first thing to note in the image is that there are not isolated points of

fluorescence across the field. Instead, there are clusters of various sizes distributed

across the field. The next striking observation is the spectral profile on the right.

There is significant vertical separation between each emission line. Recall that a

spectral profile is obtained by drawing a line across a fluorescing point in the image

and measuring the fluorescence emission along that line through each of the emission

filters. As observed for the QDs, there is a peak at the location of the fluorescing

object. The difference between these samples and what was observed in the case of

the QDs, however, is that there is fluorescence from what should be the background.

Recall Figure E.2, a spectral profile of a QD. There is narrow emission at the lo-

cation of the QD along the line profile, but on either side of the fluorescing source,

the emission in all filters is equal, this is the background level. In the NP samples

we expect for there to be broader emission, and we see this, there is a peak in the

fluorescence emission at 565 nm (blue), 585 nm (cyan) and 605 nm (green). What is

interesting however, is that regions on either side of the peak also show fluorescence

and the spectral profile is identical to the peak, and of what we expect from the NPs.

The implication is that the entire scene is filled with a sea of NPs. The points of

fluorescence in the image that we see, which do not appear to be point objects at
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all, but rather clusters, are likely clusters of NPs of sufficient size that we are able to

detect their fluorescence, but that in between these larger clusters the space is filled

with NPs that are not bright enough to be identified as point objects.

SEM and AFM data confirm the presence of a dense and closely spaced (though

generally not aggregated) distribution of QDs. The “background” regions are filled

with nanoparticles that are not sufficiently bright to be detected and the observed

fluorescent particles are clusters of nanoparticles. This result occurs in both the 3 nm

NP samples and the 20 nm NP samples. Though the 20 nm diameter particles con-

tain substantially more fluorophores since they have a larger volume, it is still not

sufficient to reach the detection threshold. This experiment was repeated using the

electron multiplying feature of the EMCCD camera and even at a high gain indi-

vidual particles could not be detected. Additional experiments that corroborate the

notion of a background “sea” of NPs include dilution experiments in which succes-

sively more dilute concentrations of nanoparticles are deposited on the substrate and

bleaching experiments in which changes in fluorescence are observed over long periods

of excitation times. All experiments exhibit behavior characteristics with clusters.

F.2 Dilution Experiments

Experiments in which the concentration of nanoparticles deposited on the sub-

strate is varied lend further support to the understanding that individual NPs are

not being detected, though they fill the background. The observed fluorescence points
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are large clusters. We can take emission in the 705 nm band as a zero-fluorescence

background benchmark since there is not fluorescence from the NPs in this band.

When there is not fluorescence in the other emission bands, they all match this same

background level. We use the 565 nm emission band, the peak emission band for the

NPs, as reference for deviations from nominal background. Measurements are made

on apparent “background” regions, areas between obvious fluorescing points for in-

creasing dilutions of NPs on the substrate. The results are shown in Table F.1. Across

all dilution levels, for observations made at the same excitation intensity, the field

of view appears approximately the same, with a similar number of clusters, but the

intensity of the background fluorescence directly correlates with the concentration.

At higher concentrations, the background level is higher, at lower concentrations, the

background level drops and at the most dilute levels the background is not elevated

at all, it is sufficiently dilute that there is again empty space between bright clusters.

We observe similar results looking at just a single sample and scanning to different

regions around the sample. We again make measurements of what appear to be

background regions without any point fluorescence and compare the emission intensity

at 705 nm to the intensity at the peak emission band for the NPs, 565 nm. The results

are shown in Table F.2. Scanning around the sample there is no change in the 705 nm

band, but emission in the 565 nm band varies substantially. This implies that there

is clustering of the NPs, or variation in density without reaching sufficient brightness

(or sufficient cluster size?) to be distinguished as points or clusters of fluorescence,
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Sample Dilution Background at 705 nm Background at 565 nm Difference
[ µg
mL

] (ADU) (ADU) (ADU)

1 25.0 4010 5495 1485
2 16.7 3987 4570 583
3 3.3 3987 4307 320

Table F.1: Comparison of the background levels detected for samples of 20 nm NP
diluted 400x, 600x, and 3000x, 1-3 respectively, captured with the same excitation
intensity and exposure time. Note that while the baseline in the 705 nm filter essen-
tially remains unchanged from one sample to the next, since there is no fluorescence
from the NPs in this band, the amount of background fluorescence (ie not associated
with any bright point object) measured in the 565 nm filter changes significantly with
concentration. For the highest concentration, there is a significant amount of emission
in the 565 nm band, consistent with fluorophore emission from the NPs.

the regions measured appeared to be “background” between bright clusters.

F.3 Temporal Characteristics of Nanoparticles

Like any other fluorophores, the Rhodamine fluorophores in the NPs exhibit flu-

orescence intermittency and bleaching. The expected benefit of enclosing a large

number of fluorophores in a silica-based NP is to essentially mask these effects. The

large number of fluorophores will make the blinking of individual fluorophores less

apparent; there are enough fluorophores “on” at any given moment that the NP ap-

pears to fluoresce continuously. This large number of fluorophores combined with the

protection afforded by the silica-based nanoparticle itself also means there is signif-

icantly less bleaching observed in NPs. It is traditionally very difficult to measure

decay times of single fluorophores. A typical single fluorophore may only fluoresce

for several seconds under continuous illumination [128] or by other accounts, up to 10
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Field Background at 705 nm Background at 565 nm Difference
(ADU) (ADU) (ADU)

1 3941 4993 1051
2 3941 5916 1975
3 3941 6078 2136

Table F.2: Comparison of background level sampled in several different fields across a
single sample of 20 nm NPs. All are collected with the same excitation intensity and
exposure time. All regions of the sample show the same emission in the 705 band,
where the NPs do not fluoresce, this establishes the background level, whether it’s
due to the silane or immersion oil or autofluorescence from the optics in the system,
it is constant. By contrast, the level of fluorescence emission observed in the 565 nm
band, the peak of the fluorophore emission, varies considerably, indicating uneven
distribution of NPs, though individually, unobservable, across the substrate.

or 20 secs [129]. Most measurements of fluorophore photostability are ensemble mea-

surements of bulk solutions of fluorophores where photostability times are typically

on the order of tens to a couple hundred seconds [130]. On the short end especially,

that is not enough time to do any substantial science. These time scales are made

more challenging by the fact that the photostability of fluorophores is dependent on

the excitation intensity and the local external environment as well. Higher excitation

intensity leads to more rapid photobleaching, however simply decreasing the excita-

tion time is not always effective because there is a loss in fluorescence signal. More

important is the development of fluorophores with greater photostability that can

withstand higher excitation intensities.

In the case of the fluorophore doped nanoparticles under continuous excitation,

there is certainly some bleaching observed, however they are still observed to be
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fluorescing after as much as 10 mins. To be clear, as we have established, we are not

able to observe individual particles, so the comments here on temporal characteristics

are for clusters of NPs.

It is well established that fluorophore photostability is a function of excitation

intensity. At higher excitation intensities, the fluorophores have higher emission in-

tensities, but quench much more rapidly. This is illustrated in Figures F.3 and F.4.

The same sample of 20 nm NPs is observed over a 10 min interval under continu-

ous excitation. A random selection of fluorescing points are sampled over the field

of view and the fluorescence intensity over the 10 mins is plotted. The same data

extraction techniques as discussed in Section E.1 are used. In the case of the NP

samples, this means the sample circles correspond to large fluorescing clusters and

the “background” samples used for background subtraction actually contain elevated

fluorescence from NPs as well. Figure F.3 shows a case for low level excitation. There

is significant variation among the 15 different temporal trajectories shown, but this

can be explained by the fact that we are measuring clusters and not individual parti-

cles so the trajectories and effectiveness of background subtraction can be expected to

be a function of the cluster size. The important point to make here is in comparison

to Figure F.4, which is a different region of the same sample, excited at a significantly

higher excitation intensity. 12 samples are again extracted and the temporal trajec-

tories over the 10 min acquisition time are shown. It is immediately observed that

the initial emission intensity is substantially higher and the fluorescence signal decays
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very rapidly, consistent with the expected behavior of fluorophores. The deviations

from this behavior in samples 4, 5, 6, and 12 are likely explained by the background

subtraction. These samples show very little signal so if they were small clusters,

subtracting a sample-filled “background” would impact the signal of interest.

F.4 Follow up Experiments with Nanoparticles

If NPs are to be considered as a viable alternative to QDs that would eliminate

the blinking problem and avoid quenching, there is more work to be done. First and

foremost, to be relevant to the application of nanoscopy, the NPs must be detectable at

the single particle level. This is not necessarily an unreasonable goal. This detection

threshold has not been explored thoroughly. Research in single molecule detection

has determined that the single fluorophore detection level might be as few as 8 dye

molecules [131] or the minimum number may be as many as 1000 - 10,000 in the

case of intrinsically fluorescent myosin molecules [132]. The 20 nm NPs are expected

to contain on the order of 400 fluorophores. The reality is that there is a trade-off

between photostability and excitation intensity and in more recent work it is asserted

that with a sufficiently sensitive detector and a sufficiently strong light source to excite

the fluorescent dye molecules, they should emit sufficient photons to be detected at

the single dye molecule level [133]. The use of an EMCCD camera in our system

should provide enough sensitivity or gain to enable the detection of single NPs if

they are excited at a high enough intensity. If this were to be achieved, however,
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Figure F.3: The above series of frames are of 15 different sample points across a single
field of view in a 20 nm NP at low intensity excitation. The NPs are diluted 100x
and spin-coat on an O2 plasma cleaned substrate. The sample exhibited an elevated
background consistent with a sea of NPs. As a result, background subtraction will
affect the detected signal level, because the background isn’t true, empty background.
This acquisition was over a 10 min time period, illustrating bleaching behavior over
long time intervals. It is interesting to observe that if the background subtracted
counts start high (i.e. frames 1, 3, 5, 6, 7, 12 and 15, counting left to right top to
bottom), the fluorescence emission exhibits a continuous, though not linear, decrease.
These are likely very large clusters of NPs for which the overall trend is bleaching.
On the other hand, if the counts are lower to begin with (i.e. frames 2, 4, 9, 10, 11,
13 and 14) we do not observe the same trend and in fact it is difficult to identify
any trend. The fluorescence emission neither consistently increases nor consistently
decreases and in the end remains approximately the same value; this is likely due to
the background subtraction by a ‘sample-containing background,’ which will have a
greater impact on smaller clusters.
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Figure F.4: The above time series data were acquired from the same sample as in Figure F.3,
but are now excited at higher excitation intensity. The higher excitation intensity causes
higher emission intensity from the fluorophores initially, followed by rapid photobleaching.
Whereas in the previous example we observed continuous bleaching over the ten minute ac-
quisition period, we now observe every sample flattens out to zero, no fluorescence emission,
and for most samples this occurs within 200 sec. The bleaching rate is likely a function of
cluster size.

it can be expected that the fluorophores would bleach rapidly, as we have already

demonstrated. In addition to not using the maximum gain or excitation available

to us, another possible explanation for being unable to detect single NPs is that the

fluorophores were suboptimal at observation time either due to ageing (observations

were made over the course of 8 months) or due to the fact that the NPs should have

been stored at 4 ◦C, but were instead stored frozen. While generally, the original

solution was left in the freezer, these also underwent multiple freeze-thaw cycles that

may have caused damage to the fluorophores. If there is enough interest, it would be
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worth repeating these experiments with a fresh batch of nanoparticles, stored at 4 ◦C

and observed with higher excitation and gain in the system.

For application to a nanoscopy system, the detection mechanism should also be

considered. In the case of QDs we expect changes in the fluorescence to indicate the

presence of nano-objects. For NPs, the silica-based shell protects the fluorophores.

However, just as the shell serves to protect against photobleaching, it may also reduce

the effectiveness of detecting changes in the environment. The shell may either shield

the fluorophores from sensing the environment or make it difficult for changes in

fluorescence to be detected since a sufficient number of fluorophores within the NP

have to respond to detect a macro-change, recalling that the individual fluorophores

are already blinking and we do not detect that intermittency.
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Appendix G

Image J Image Processing Routine

Prior to particle analysis in Image J there is some preliminary image processing

Image Processing

1. Load image

2. Set image scale

(a) Draw a line over the scale bar on the image

(b) Go to Analyze → Set Scale: input known length of line, the units and
check the global box

3. Crop image to include just the portion of the image to be analyzed

4. Background subtraction

(a) Process → Subtract Background

(b) Select a rolling ball radius where smaller numbers result in greater back-
ground subtraction

(c) Check the preview box and experiment until sufficient background is sub-
tracted without effecting the data. Typically found values around 40 pixels
were appropriate for QD SEM images

5. Threshold the data

(a) Image → Adjust → Threshold

(b) Adjust the threshold sliders to make the objects of interest red with as
little background highlighted as reasonable

Particle Analysis

1. Analyze → Analyze Particles

2. Set the lower bound to be approximately the minimum expected particle size,
upper bound can be similarly set or left at infinity

(a) To improve the estimated value for the lower bound measure a range of
particles

(b) Draw a line across a particle and hit Cmd + M or Analyze → Measure.
The length of the line (diameter of the particle) will show up in the Results
window

(c) Draw a second line perpendicular to the first on the same particle

(d) Multiply these two numbers to get the approximate particle area
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(e) Repeat for a sample of particles including a range of sizes

(f) Use a value a bit below the minimum area found (and a bit above the
upper bound if used)

3. The circularity parameter can be left at default

4. ‘Show masks’ produces a mask of filled-in particles to compare the resulting
image to the image being measured or ‘show outlines’ produces an image that
can be overlaid on the original image to show the particles measured
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