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ABSTRACT
Photobleaching is a phenomenon common to all semiconductor nanocrystals

(NCs) where it has undergone a permanent structural and chemical destruction that
results in total loss of its ability to fluoresce. Blinking is another challenge faced by
typical NCs where due to their imperfect lattice structures, results in irregular radiative
recombination between the electron-hole pairs.
We have investigated ways of modifying a common water soluble CdTe NCs to
become non-photobleaching. Such NCs are capable of responding reversibly to an interswitching of the oxygen and argon environments over multiple hours of photoexcitation.
They are found to quench upon exposure to oxygen, but when the system is purged with
argon, their photoluminescence (PL) revives to the original intensity. Such discovery
could potentially be used as oxygen nanosensors.
These PL robust CdTe NCs immobilized on glass substrates also exhibit
significant changes in their PL when certain organic/bio molecules are placed in their
vicinity (nanoscale). This novel technique also known as NC-organic molecule close
proximity imaging (NC-cp imaging) has found to provide contrast ratio greater by a
factor of 2-3 compared to conventional fluorescence imaging technique. PL of NCs is
recoverable upon removal of these organic molecules, therefore validating these NCs as
potential all-optical organic molecular nanosensors and, upon optimization, ultimately
serving as point detectors for purposes of super-resolution microscopy (with proper
instrumentation). No solvents are required for this sensing mechanism since all solutions
were dried under argon flow.
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Furthermore, core graded shell CdSe/CdSexS1-x/CdS giant nanocrystal (g-NCs)

were found to have very robust PL temperature response. At a size of 10.2 nm in
diameter, these g-NCs undergo PL drop of only 30% at 355K (normalized to PL intensity
at 85K). In comparison, the core step shells CdSe/CdS g-NCs at the same diameter
exhibit 80% PL drop at 355K. Spectral shifting and broadening were acquired and found
to be 5-10 times and 2-4 times smaller respectively than the standard CdSe core and
CdSe/CdS core shell NCs. It is also discovered that these core graded shell g-NCs are
largely nonblinking and have insignificant photoluminescence decay even after exciting
the samples at very high irradiance (44 kW/cm2) for over an hour. These types of g-NCs
have great potential to be used as the active medium for temperature insensitive laser
devices in the visible range or temperature insensitive bioprobes for bioimaging
applications.
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CHAPTER 1: INTRODUCTION

I.

Definition and properties of nanocrystals
One of the important properties of semiconductor material is the width of the

energy band gap, which is defined as the energy separation between the conduction and
valence energy band. For semiconductors in macroscopic sizes, energy band gap is a
fixed parameter, determined solely by the material’s identity. However, this is not the
case for nanoscale semiconductor material in the range between 2 – 10 nm. Known as
quantum confinement, at this range of dimension, the electronic excitations are limited by
the particle boundaries. As a result, due to changes in size of nanomaterials, these
electronic excitations respond by altering their energy spectra. The material that exhibits
such an effect is known as semiconductor nanocrystal (NC) (Figure 1.1). NCs were first
created in 1981 by A.I. Ekimov and A. A. Onuschchenko in the form of CuCl crystals
[1.1]. As the nanoscale sizes of the crystals were varied, it was found that there were
wavelength shifts in the absorption lines. This is then followed by the advent of the most
commonly used CdSe NCs, pioneered by Bawendi et al. in the 1990s [1.2]. Within the
following decade, NCs becomes an indispensable material for making optically pumped
lasers [1.3,1.4], photovoltaic cells[1.5], 3D holography [1.6], light emitting diodes
[1.7,1.8] and bioprobes [1.9-1.11].
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####Ligands#

NC#

Bulk#
Semiconductor#

Semiconductor#
Nanocrystal#

Figure 1.1: Energy band gap of the bulk semiconductor (left) broadens and becomes
discrete as the dimension of the semiconductor is confined down to nanoscale length
(right). The energy gap is dependent on the size of the nanocrystal (NC) where the
smaller the NC the larger the energy gap and vice versa.

NCs can be mainly thought of as an artificial atom that bridges the gap between
bulk material and single molecule. It typically has about 100 to 10000 atoms per particle
with the lower limit bounded by the stability of bulk crystalline structure formation. The
upper limit, on the other hand, is determined by the energy confinement (Econfinement) that
is approaching the thermal energy, kT (where k is the Boltzmann constant and T is the
temperature in Kelvins). When the energy confinement is approximately similar in
magnitude with kT, the electron and hole carriers become mobile thus breaking loose
from quantum confinement.

!
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In general, NC energy bandgap increases as its size decreases (Figure 1.2). This

leads to a blue shift of the emission wavelength. Based on the first approximation
quantum modeling, this effect can be well described using a simple “particle in sphere”
model. Assuming that NCs have a radius of a, this model predicts that the energy band
gap is proportional to 1/a2 (see!section!III).

500.000$

560.000$
620.000$
Wavlength*(nm)*

Figure 1.2: Photoluminescence of water soluble CdTe NCs from green to red as the
particle size increases.

Furthermore, quantum confinement results in collapse of the continuous density
of states of the material in bulk into discrete energy levels. Similar to the notation of the
discrete energy levels of a hydrogen atom, these well separated NC states, can be labeled
with 1S, 1P, 1D, etc as illustrated in Figure 1.3 indicating different energy gaps for the
semiconductor nanomaterial [1.12].

!
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#####Absorp;on#

!

NC#
###Bulk#

##1D#
1S#

##1P#

Photon#Energy#
Eg(bulk)# Eg(NC)# #
Figure 1.3: A schematic comparison between the continuous absorption spectrum of a
bulk semiconductor (curved line) and the discrete absorption spectrum of NC (vertical
line).

II.

Types of nanocrystals

Core type Nanocrystals
Colloidal NCs can be made of single component materials with uniform internal
compositions. The combinations are generally made out of II-VI components such as
CdSe, CdS, CdTe, ZnSe, ZnS and HgTe [1.13-1.15]. The III-V components comprise of
InP, GaP, GaInP2, GaAs and GaN [1.16-1.18]. Generally, III-V materials have higher
efficiency band-edge photoluminescence (PL), size-selective PL and PL intermittency,
however, due to better ionic properties of II-VI materials, they can be successfully made
at lower temperatures. In the case of our experiments, we focus mainly on the II-VI
materials specifically CdSe, CdS and CdTe. Although the PL properties of core type NCs
can be easily fine tuned by simply changing the crystallite size, there are many surface

!
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traps that could lead to permanent loss of the ability for NC to photoluminescence – a
phenomenon known as photobleaching. Another inevitable challenge for NC is the PL
fluorescence intermittency also called blinking.

Core Shell Nanocrystals
Compared to the core semiconductor nanocrystals, core shell NCs have been
widely known to have increased quantum efficiency, suppressed fluorescence
intermittency and reduced photobleaching. This improved NC is done by growing shells
of another higher band gap semiconducting material around the core. A typical core shell
NC is the CdSe/ZnS nanomaterial, which has quantum yield of greater than 80%. It is
also found that due to coating with shell layers, NCs become more robust from
photooxidation - a process where due to oxidation of the surface layer of NCs, render
them unable to emit light [1.19,1.20]. Moreover, such coatings allow NCs to have longer
shelf life and better resistance towards harsh processing conditions for various
applications. The specific core shell NCs investigated for this research is CdSe/CdS
nanomaterial.

Alloyed Nanocrystals
Alloyed NCs are specialized nanomaterials that enable specific applications that
are non-achievable with conventional NCs. They are formed by alloying together two
semiconductors with different band gap energies, therefore, exhibiting interesting
properties distinct not only from the properties of their bulk counterparts but also from
those of their parent semiconductors. One of the many advantages is the ability to tune

!
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emission properties without changing the crystallite size. For example, alloyed NCs of
the compositions CdSxSe1-x/ZnS of 6nm diameter emit light of different wavelengths by
merely changing the internal structural composition. Another advantage for alloyed NCs
is the capability of eliminating blinking properties. As evidenced by Wang et al.,
CdSe/CdxZn1-xSe/ZnSe alloyed NCs were found to be largely nonblinking due to the soft
confinement of the graded material [1.21]. In this work, we have found that
CdSe/CdSexS1-x/CdS exhibit temperature insensitive PL properties which may pose
useful benefits in creating temperature insensitive laser devices.

A!

B!

C!

Figure 1.4: A schematic representation of the internal composition design and the work
functions (top) for (A) core NCs, (B) core shell NCs and (C) Alloyed NCs. This figure is
adapted from Wang et al [1.21].

!
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Particle in a sphere model
Quantum size effect occurs whenever the size of the nanocrystal becomes

comparable or smaller than the natural length scale of the electron hole pair. A general
approach to measure such natural length is the Bohr radius, which is defined as:
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! = !

!
!
!! !

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1.1)!

where ε is the dielectric constant of the material, m’ is the mass of the particle, m is the
rest mass of the electron and a0 is the Bohr radius of the hydrogen atom (0.53 Angstom).
Materials

Effective Bohr Radius (nm)

CdSe

6

InAs

34

PbS

20

PbSe

46

Table 1.1: List of Bohr radius for different materials [1.12]
Once the semiconductor particle size is within the quantum-confining regime, one
can provide complex numerical calculation in order to understand the electronic
properties of these quantized materials. One of the simplest ways to understand the
general approximation of size dependent electron-hole pair distribution and energy levels
can be done with the particle-in-a sphere model. This model considers an arbitrary
particle of mass m0 inside a spherical potential well with radius of a.

!
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!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! ! =

0 !<!
∞ !>!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1.2)

The Schrodinger equation based on the potential as described in Eq. 1.2 is solved yielding
the wave functions in Eq. 1.3.

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Φ!,!,! !, !, ! =

! !
1 !! !!" ! !! !, !
4!!!
!!!! !!"

!!!!!!!!!!!!!!!!!!!!!!!!(1.3)!

where !!! (!, !) are the spherical harmoncs, !! is the lth order spherical Bessel function,
!!" is the nth root of the lth order Bessel function. The corresponding quantum numbers
are n, l and m.
In the absence of the Coulomb interaction, the Schrodinger equation can be
simply expressed as follows:
ℏ! !
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!−!
∇ Φ! !, !, ! = !! Φ! !, !, !
2!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1.4)

where j could be either the electron or hole particle.
Inserting Eq. 1.3 into Eq. 1.4 gives the discrete energy eigenvalues:
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! =

ℏ! !!"
2!! !

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1.5)

With the assumption of effective mass approximation, the energy band diagram (a plot of
energy, E and wavevector, k) is simplified to a parabolic form near the extrema of the
band diagram. Since both the CdSe and CdTe NCs are direct band-gap semiconductor,
the valence band maximum coincides with the conduction band minimum at k = 0
(Figure 1.5).
!
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Figure 1.5: Energy band diagram for a direct bandgap (left) and indirect bandgap (right)
of NCs. For the direct bandgap, the valence band maximum coincides with the
conduction band minimum at k = 0, however, this is not the case for the indirect bandgap
material where phonon coupling is required for the transition.

As a result, the energy of the conduction and valence bands can be expressed as follows:
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"!#$%&'

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"#
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However, there is another important parameter yet to consider – Columbic interaction. It
is found that electron hole pair confined within a nanostructure has very strong columbic
attraction. Based on Eq. 1.5, we have found that the confinement energy of each carrier
scales as 1/a2. The coulomb interaction scales as 1/a. Hence, the Coulomb term can be
added as a first order correction to the existing energy term Eq. 1.6 and Eq. 1.7.
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In summary, the corrected energy gap of a NC can be described as follows:
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!∆!!"# = !!"!#$%&' − !!!"#

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!∆!!"#

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1.8)
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where Ec is the first order Coulomb correction. Eq. 1.9 is dependent on the quantum
!
!
numbers (n and l) of the electron and hole states due to the presence of !!"
and !!"
.!For

example, with the electron in the lowest state 1Se level, the first order Coulomb
correction, Ec is 1.8e2/εa [1.24].

IV.

Synthesis of colloidal nanocrystals
There are two major methods of preparation for NCs: 1) physical method and 2)

chemical method. NCs fabricated via physical methods include molecular beam epitaxy
(MBE) and metalorganic-chemical-vapor-deposition (MOCVD) [1.26-1.28]. These types
of deposition rely on the lattice strain to obtain arrays of 3-dimensional islands or NCs.
When a material with a different lattice constant is grown on top of another, (InGaAs on
GaAs for example), it can strain to conform to the substrate in the plane of the junction.
Thus, the lattice constant at that plane is reduced and due to the elastic response of the
material, there is a build up of elastic energy. This distortion of the active layer is relaxed
when a critical thickness is reached. As a result, a two dimensional growth becomes
three-dimensional islands that is formed on the material surface (Figure 1.6). Numerous
shapes and sizes of these islands have been reported: a square based pyramids with base
length and height of 120 and 60 Angstrom or 240 and 30 Angstrom, Hemispherical
islands with base diameters and heights of 200 and 50 Angstrom or 200 and 7 Angstrom.
!
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Figure 1.6: An illustration about the formation of NCs using strain-induced selfassembly. Above the critical thickness, the release of strain energy causes the atoms to
form a three dimensional island, thus, a nanocrystal is formed.

Nevertheless, for the purpose of this research, we emphasize on the chemical
route synthesis of colloidal NCs. These NCs comprise of an inorganic core coated with a
layer of ligands. The main purpose of ligand coating is to allow electronic and chemical
passivation of the core surface dangling bonds. It also prevents agglomeration and
uncontrolled growth of NCs. Furthermore, by changing the identity of the surface
ligands, we can control the solubility and reactivity of the nanoparticles. Chemical
synthesis provides a very cheap, versatile and fast fabrication technique. It can be
synthesized in both aqueous and organic solvents in varying sizes. This synthetic process
can provide an almost perfect and homogeneous crystalline structure in a variety of
shapes and sizes (spheres, rods, tetrapods, etc). Due to its vast solubility, these NCs can

!

!

24!

be incorporated into photovoltaic devices [1.5], holography materials [1.6] or markers in
biological applications [1.7-1.8].

Chemical synthesis of NCs is done using general lab apparatus with careful
control on the temperature and concentration of the metal-organic precursors. Previously
understood by La Mer and Dinegar’s studies [1.29-1.30], the fabrication steps start with a
quick injection of a precursor into hot coordinating solvents. The thermal decomposition
of large amount of precursor reagents results in supersaturation that is partially relieved
by particle generation also known as nucleation. As the concentration of precursors drops
below nucleation threshold, the Gibbs free energy favors the process of adding particles
onto the NC nuclei. This rapid growth is then followed by Ostwald ripening as the
concentration of precursors has depleted exponentially. Here, smaller particles with
higher surface energy are sacrificially dissolved to support the growth of larger particles
(see Figure 1.7).
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B"

Figure 1.7: (A) Schematic that shows the La Mer’s model for the stages of nucleation and
growth for NC particles. (B) Illustration of the synthesis apparatus that are utilized for
fabricating NC via chemical route. Image is adapted from Klimov [1.12].

One of the most important parameter in making NCs is the ability to control the
size and distribution of the nanoparticles. However, due to the complexity of the reaction
process, there are many variables that are at play, which will severely affect the growth
process and size distribution. The following points are some general guidelines that may
be helpful in controlling the growth process during fabrication.
1) Materials with lower nucleation temperatures leads to lower precursor
concentration, thus larger-size nuclei [1.29].

!

!

26!
2) Higher growth temperatures can generate larger particles in condition that rate of
precursor addition to existing particles is increased.
3) Ostwald ripening is more likely to happen at higher temperatures, therefore,
increasing size distribution if fabrication is prolonged [1.31].
4) Precursor concentration is not merely dependent on the actual number of free
floating particles. It is also related to the type of ligand and the precursor and
ligand concentration ratio.
5) Lower ligand to precursor ratio yields larger particles [1.32].
6) Weaker ligand-NC binding supports growth of larger particles [1.32].
7) Higher precursor concentration generally promotes the formation of fewer, larger
nuclei, therefore with better possibility of creating larger NC size [1.33].

In addition, information about the type of ligands is critical in designing good NC
particles. Typically, the steric hindrance of the coordinating ligands can impact the rate of
growth following nucleation. Some of the normally sought after ligands for NCs
comprise of alkylphosphine, alkylphosphine oxides, alkylamines, alkylphosphates,
alkylphosphites, alkylthiols, alkylphosphonic acids, fatty acids and so forth. Each of the
ligands can have various chain length and degrees of branching depending on the
required growth rate and ligand NC binding strength [1.33]. Most ligands consist of a
polar head group that attaches to the surface of NCs and a hydrophobic tail that is
exposed to the external solvents. Shown in Figure 1.8 is an example of a general NC
design. The purpose of long branching ligands such as trioctylphosphine, hexadecylamine
or tetradecylphosphonic acid help not only in controlling the growth rate of the NCs but
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permits solubility in common nonpolar solvents and hinders aggregation of NCs by
shielding van der Waals forces. Furthermore, the ability of the ligands to reversibly attach
and detach from the NC surface provides a necessary condition for making nanostructure
of high crystallinity. Creating good crystal structure helps minimize the blinking and
photobleaching photoluminescence problems that normally NC encounters, which we
will describe in later section.

Figure 1.8: An illustration on CdSe/ZnS core shell NCs coated with different options of
ligands. Each of the ligands have different binding strength and compatibility with
solvents, therefore giving a wide versatility for NCs to be used in many applications.

The typical II-VI compound CdSe NCs has been subject of much basic research.
It is found that CdSe NCs can be reliably produced from pyrolysis of various cadmium
precursors such as dimethylcadmium [1.25], cadmium oxide, cadmium carbonate and
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cadmium acetate [1.34]. This is combined with selenium precursors prepared simply by
using selenium powder dissolved in trioctylphosphine or tributylphosphine. Despite the
variety in precursor selections, it is found that the most successful composition in
creating the least surface traps and auger recombination can be done using a complex
mixture

of

trioctylphosphine,

trioctylphosphine

oxide,

hexadecylamine,

tetradecylphosphonic acid, oleic acid and 1-octadecene [1.21].
An alternative in fabricating NCs can be done via aqueous route. The nucleation
and growth processes in aqueous system are conceptually similar to the ones observed in
nonpolar/organic solvent. Commonly, the metal perchlorate salt is dissolved in distilled
water, followed by addition of thiol ligands (such as 3 mercaptopropionic acid,
thioglycolic acid, or cysteamine). The pH of the solution is then changed to greater than
11 while deaerating the environment. Nucleation process is initiated by sudden addition
of reduced chalcogenide (Selenium or Tellurium) at 1000C. NC Growth usually takes
about 2 hrs for red shifting towards the region of 600-700 nm [1.35]. The aqueous
fabrication process has advantage in lower heating requirements and reduced
environmental hazards; however, the NC particles have larger size distribution than their
high temperature organic solvent counterparts. It is found that the full width at half
maximum (FWHM) emission spectra of aqueous NCs is by best 45 nm [1.35] compared
to 25 nm for the organic solvent NCs.

V.

Inherent challenges of nanocrystals
NCs have many challenges in terms of its inevitable blinking (fluorescence

intermittency) and photobleaching problems. Blinking occurs because there are imperfect
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lattice structures that are present internally or at the surface of NCs. These imperfect
structures become trap sites for the electron-hole pairs generated and therefore impede
any radiative recombination [1.36]. Furthermore, there are some latest findings that
attributes blinking towards the differential work function of the NCs. The abrupt changes
of the work function at the boundaries were found to have high rates of auger
recombination. Auger effect is a physical phenomenon that the filling of a hole results in
excitation of another electron [1.36, 1.37]. As a result this process renders radiative
recombination ineffective.
Photobleaching is a phenomenon common to all NCs where it has undergone a
permanent structural and chemical destruction that results in total loss of its ability to
fluoresce. One of the major causes of photobleaching is photooxidation [1.19, 1.20]. NCs
have large transition dipole moments and they transfer their absorbed photoinduced
energy to any neighboring oxygen molecules to form singlet oxygen species. These
highly reactive molecules can then adsorb to NCs surfaces and therefore create trap sites
that would inhibit radiative recombination.
In this research, we have investigated ways of modifying a common water soluble
CdTe NCs to become non-photobleaching. Such NCs are capable of responding
reversibly to an inter-switching of the oxygen and argon environments over multiple
hours of photoexcitation (see Chapter 2).
In chapter 3, these PL robust CdTe NCs immobilized on glass substrates were
found to exhibit significant changes in their photoluminescence when certain organic/bio
molecules are placed in their vicinity (nanoscale).
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In the final chapter, a novel type of core graded shell CdSe/CdSexS1-x/CdS giant

nanocrystal (g-NCs) was found to be non-blinking, non-photobleaching and have very
robust photoluminescence (PL) temperature response.
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CHAPTER 2: AN EFFECTIVE AND SIMPLE OXYGEN NANOSENSOR MADE
FROM MPA-CAPPED WATER SOLUBLE NANOCRYSTALS

I.

Introduction
One of the very appealing and unique properties of semiconductor nanocrystals

(NCs) is their size dependent electronic structure. With typical dimensions of 1-10 nm,
these nanocrystals bridge the gap between molecules and bulk crystals. As the size of the
particle increases, the separation of the energy levels decreases. Due to the exquisite
nature of these nanomaterials, much effort has been devoted to understanding the spectral
diffusion, blinking and photobleaching behavior of quantum dots under various
conditions (temperature, ambience, type of NCs, etc.) [2.1-2.8]
However, research on having NCs respond reversibly to environmental changes
remains incomplete. Previously, Amjad et al. [2.4] demonstrated that CdSe nanocrystals
are capable of responding to specific environments in a reversible and rapid fashion, but
the photoluminescence (PL) of CdSe NCs was not found to be reversible once the NCs
were exposed to alternating oxygen and argon environments. This limits the applicability
of CdSe NCs serving as an oxygen nanosensor. Due to the fact that oxygen sensing is a
common and important probing equipment in biological, aerospace, chemical and
environmental fields [2.10-2.18], having to make oxygen nanosensors using quantum
dots is a desirable demand that can serve as a platform to bring sensing towards the next
level in terms of size, simplicity and ultra-high oxygen sensitivity.
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Here, we report on the PL properties of water-soluble CdTe NCs with 3-

mercaptopropionic acids as the ligand, showing that these quantum-dots are capable of
responding reversibly to an inter-switching of the oxygen and argon environments over
multiple hours of photoexcitation. These NCs quench upon exposure to oxygen, but
when the system is purged with argon, their PL revives to the original intensity. Due to
the fact that these colloidal NCs have a large surface-to-volume ratio, they are extremely
sensitive to oxygen molecules in their environment. As reported in our findings, CdTe
NCs quench significantly even at an O2 concentration of 40 ppm. This behavior has the
side benefit of providing simple, inexpensive, and ultrasensitive oxygen nanosensors.

II.

General characterization of CdTe+MPA nanocrystals
First of all, photoluminescence spectrum, absorption spectrum and HRTEM

measurements were performed to understand the general characteristics of water soluble
CdTe NCs. Shown in Figure 2.1 are the summarized results.
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B"

Figure 2.1: (A) Absorption and emission spectra of the CdTe NCs. This specific water
soluble NCs has peak emission at 615 nm and peak absorption at 565 nm. The emission
spectrum has a FWHM of 70 nm consistent with the value found by Zou Lei et al. [2.6].
The broader emission FWHM is due to its ultrafast fabrication method. Quantum yield
was measured to be 56% in comparison to the standard organic dye molecule Rhodamine
6G. (B) HRTEM measurements were conducted on the water soluble NCs. The sample
has an average size of 3.45 nm in diameter, similar with what predicted by Yu et al.
[2.19] to within 10% error. The %RMS in diameter was estimated to be around 15%.
Shown within the inset is a zoom-in view on one of the particles. The shape of the
particle is slightly prolate with an aspect ratio of 1.1.
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Photostability of nanocrystals

Figure 2.2: CdTe NCs were exposed to multiple fluences from 0.6W/cm2 to 12 W/cm2
under argon flow, yet there is no sign of decay over a period of 1 hour. The slight
increase in some of the trajectories could be caused by thermal or source irradiance
fluctuations.

CdTe+MPA NCs are extremely stable under an inert environment. Shown in
Figure 2.2 are the time dependent photoluminescence results for CdTe NCs under
multiple excitation irradiances (0.6 W/cm2 to 12 W/cm2).

Consistent with the

observations made by Amjad et al [2.4], we found aqueous based CdTe NCs to show no
signs of decay under an inert environment. We note that water-based CdTe+MPA NCs
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provide us with a cost effective and biologically compatible route to ultrastable
nanostructures, in contrast to standard organic solvent based techniques.

IV.

Photoreversibility of nanocrystals by alternating argon and oxygen gases
We then exposed CdTe NCs alternately to argon and oxygen gases. In contrast to

the conventional method of mounting the sample in a sealed flow chamber, our CdTe
NCs were directly purged with the flowing gas of interest at a flow rate of 5 lpm at a
temperature of 25 0C. As shown in Figure 2.3, CdTe NCs, upon bleaching with 160 ppm
oxygen in argon mixture at a flow rate of 5 lpm, can be revived multiple times by purging
with 100% argon. NCs have large transition dipole moments and they transfer their
absorbed photo-induced energy to any neighboring oxygen molecules to form singlet
oxygen species. These highly reactive molecules can then adsorb to NC surfaces and
therefore create trap sites that would inhibit radiative recombination. The fact that CdTe
NCs fully recover after being bleached in oxygen is strong indication that oxygen
bonding to the surface is reversible.

!

!

36!

A"

B"

C"

t!=!0s!
(argon)!
!

t!=!300s!
(160!ppm!oxygen)!!
!

D"

E"

t!=!1000s!
(argon)!
!

t!=!2000s!
(160!ppm!oxygen)!!
!

F"

t!=!6000s!
(argon)!
!

Figure 2.3: (A) PL trajectory of CdTe NCs immobilized on a glass substrate that were
alternately exposed to 160 ppm oxygen and 100% argon at a constant flow rate of 5 lpm.
Irradiance was fixed at 2 W/cm2 at 405 nm and NC coverage was about 15 NCs/micron2.
(B-F) Pictures of photo-excited CdTe NCs under different conditions as observed from
the EMCCD camera with an emission filter of 605 ± 15 nm.

An interesting finding is that NCs undergoing successive attempts at recovery
exhibit steadily brighter PL and eventually approach 100% recovery. It was believed at
first that higher PL counts were caused by elevated background values due to continuous
camera exposure that created undesirable charging. However, the measured background
value increased by less than 1% after 5 hrs of exposure at 2 W/cm2 of irradiance. This
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implies that the enhanced PL recovery must have come from the photoexcited
nanocrystals themselves. After each recovery cycle, oxygen affinity towards the NCs
reduces. We believe that the residual water molecules surrounding the ligands have been
evaporated by convection of the argon flow, thus reducing the possibility of any
oxidation induced by water molecules [2.12, 2.14]. The argon gas tank used is of
industrial grade where moisture content is less than 5 ppm [2.20-2.21]. Therefore, one
would expect that the moisture content within the gas flow chamber to be gradually
conforming under convection to within the same order of magnitude of 5 ppm from an
average relative humidity of 40%. It would be desirable if we could directly measure the
relative humidity within the chamber but due to limitation on the equipment, the moisture
content profile is temporarily not available. Therefore, more research is needed to better
understand the causes of increased photoluminescence.

V.

Kinetics of nanocrystals photoluminescence decay and recovery
We investigated the photobleaching behavior of CdTe NCs at various oxygen

concentrations along with their recovery behavior. NCs were initially photobleached at
various oxygen concentrations for 10 minutes as shown in Figure 2.4. Once the
atmosphere was switched back to argon, the sample’s PL recovered rapidly and came to
within 98% of the original PL at the end of the hour.
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Figure 2.4: PL decay and recovery of CdTe NCs for various oxygen concentrations at 5
lpm flow rate. The excitation intensity was fixed at 2 W/cm2 at 405 nm.

The decay curve can be best fitted by a double-exponential (see Figure 2.5) which
is consistent with the findings of other research groups [2.11, 2.12]. Initially, the strong
exponential decay (α parameter) takes precedence over the weaker decay rate (β
parameter). This happens because there is large surface availability for interactions
between NCs and oxygen molecules. Due to the fact that there is no mediating material
between the atmosphere and the NCs, oxidation is almost instantaneous. The a value
shows no significant change across investigated oxygen concentrations (40 ppm – 2000
ppm) with an average value of approximately 0.026±0.003s-1.
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B
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C

!
Double!Exponential!Fit:!

PL = Aexp(−α t) + Bexp(−β t)

Figure 2.5: (A) Close-up view of the PL decay curves at multiple oxygen concentrations,
superimposed on double-exponential fitting curves. The R-squared value for each fit is
greater than 0.95. (B-C) Fitting parameter of the first and second exponential (α and β)
as a function of oxygen concentration.
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O2 Concentration
(ppm)

A

α (s-1)

B

β (s-1)

A/B

40

0.29

0.027

0.65

0.00023

0.45

160

0.28

0.029

0.66

0.00047

0.42

400

0.29

0.022

0.66

0.00064

0.43

800

0.30

0.024

0.63

0.00078

0.47

2000

0.37

0.024

0.55

0.00122

0.68

Table 2.1: Double-exponential fitting parameters at increasing oxygen concentrations.

The weaker decay parameter (β) can be explained by oxygen diffusion into the
inner cluster of the NCs. Although the functionalized glass substrate was intended to
create a homogeneous distribution of individual NCs, a large fraction of these nanoparticles formed small clusters because of charge-to-charge aggregation during
deposition as evidenced from the AFM measurements shown in Figure 2.6. As a result,
interactions between oxygen molecules and quantum dots were hampered by the presence
of intermediate nanomaterials. An empirical expression relating the β parameter to the
O2 concentration, [C], in ppm is given by:

β = 4.16 ×10 −5 [C]0.4458

!

(2.1)

!

41!
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Figure 2.6: (A) AFM measurement on a borosilicate cover glass with NC coverage of
approximately 15 NCs/micron2. NC clustering is evident from the height profile. These
clusters have a height of about 17 nm, which is 5 times the height of a single NC. In
contrast, the AFM image in (B) shows a separate substrate, which was prepared with
coverage of less than 0.1 NC/micron2 and the height of each nanoparticle is about 3.5 nm,
consistent with the size obtained from TEM images. It is evident, therefore, that NCs in
frame (A) have formed small clusters that could account for the weaker decay parameter
(β) of the double-exponential fit.
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O2 Concentration
(ppm)

a

b (s)

c (s-1)

d

40

0.22

319.8

7.19E-05

0.59

160

0.36

320.5

2.49E-05

0.57

400

0.53

345.6

5.00E-06

0.49

800

0.42

349.7

5.07E-05

0.42

2000

0.55

393.8

7.30E-05

0.29

Table 2.2: Fitting parameters for PL under recovery at various oxygen concentrations.

The PL recovery rates have a more complex behavior. As shown in Figure 2.4, at
t = 600s, NCs were immediately purged with 100% argon. All recovery curves exhibit
the following saturation pattern with an R2 > 0.95:

PL =

at
+ ct + d
b+t

(2.2)

The PL in general has a rapid initial rise followed by an increase at a much slower rate.
This is expected because the outermost quantum dots in a cluster are the first to be purged
with argon; they thus exhibit the quickest recovery. As argon diffuses into the inner
clusters, more oxygen molecules are eliminated but at a much lower rate. The initial
recovery is largely exemplified by the b parameter. Similar to the α value in the PL

!

!

43!

decay kinetics, the b parameter is not strongly dependent on oxygen concentration, where
it changes at most by about 20% across a 50-fold increase of oxygen concentration.

The c parameter, which describes the slow recovery rate, has a change of close to
an order of magnitude over the full range of oxygen concentrations under study. The c
parameter is small at low oxygen levels and increases upon passing the 400ppm mark.
The reason for this behavior is still unknown; more studies are needed to clarify the
intrinsic kinetics of NCs in the presence of oxygen molecules. In addition, the fact that
the c parameter does not converge to zero is perhaps an indication of the incompleteness
of the model. More work is needed to understand the PL recovery over extended periods
of time.

A separate experiment (Figure 2.7) was conducted where ensemble of NCs were
photobleached over 30 minutes which is 3 times longer than the decay time of our
previous investigation shown in Figure 2.4. Observation was conducted under various
oxygen concentrations and these NCs were subsequently recovered under argon flow for
30 minutes.
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Figure 2.7: PL decay and recovery of CdTe NCs with an average coverage of
15NCs/micron2. CdTe NCs were photobleached at various oxygen concentrations for 30
minutes before switching over to argon. All gas flow was maintained at 5lpm.

For longer photobleaching duration, PL decay patterns are very similar to our
previous attempts to within 5-10% relative error at the first 10 minutes. This indicates
good repeatability for our NC sensing system. The 40ppm oxygen decay curve reaches a
steady state of 60% normalized intensity which is similar to the 10 minutes decay curve
that also converges at about 60% as shown in Figure 2.4. However, as we approach
higher oxygen concentration, the final decay point becomes much lower due to stronger β
parameter in the double exponential fit mentioned in Table 2.1. However, we observed
that as photobleaching duration becomes longer, NCs recovery rate reduces. With a 30
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minutes recovery time frame, our previous experiment (with 10 minutes photobleaching)
yields an 86% to 93% recovery across varying oxygen concentration range from 40ppm
to 2000ppm (Figure 2.4). But for the case of longer photobleaching time (Figure 2.7),
NCs only recover to within 75% to 84%. It is possible that we could understand
photooxidation as a process of oxygen adsorption into the inner structure of the NCs. As
decay duration becomes longer, oxygen molecules gets trapped within the NCs inner
core. Therefore, it is harder for argon to remove any residual oxygen present within the
NCs. Hence, we observed a lower recovery rate. Furthermore, we found that recovery of
all three oxygen concentrations plateaus at the region of 90%. The fact that we are 10%
short of full recovery indicates that there are some permanent photobleaching where it is
impossible for use of argon flow to recover because of the penetration depth of oxygen
molecule that prevents argon from removing it. As for finding the exact mechanism of
photobleaching and recovery, more research is needed.
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Photoreversibility of nanocrystals at very low coverage

A!
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Figure 2.8: (A) Photoluminescence trajectory of CdTe NCs at approximately 0.1
NC/mm2 excited at 405 nm with a UV irradiation fluence of 0.7 W/cm2. At low NC
coverage, these nano-particles exhibit an almost binary PL response towards alternation
between argon gas and air. (B-I) Pictures of photo-excited CdTe NCs under different
conditions as observed from the EMCCD camera with an emission filter of 605 ±15 nm.

The NCs PL response at low coverage (~0.1NC/micron2) was also investigated
(see Figure 2.8). Due to the fact that colloidal NCs blink, measuring PL decay at
ultralow oxygen concentration becomes very difficult. As a result, meaningful data can
!
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only be collected when NCs were inter-switched between argon and air. As expected, the
PL decay and recovery becomes almost a binary response as evidenced in the PL
trajectory depicted in Figure 2.8. The excitation irradiance was fixed at 0.6W/cm2. This
confirms the fact that CdTe+MPA NCs at a single particle level can fully recover
multiple times with no signs of photobleaching over a period of 2 hrs. In contrast to high
NC coverage, recovery for low NC coverage was almost instantaneous because of the
absence of clusters discussed in conjunction with Figure 2.6B.

VII.

Photoreversibility of nanocrystals at varying irradiance

Figure 2.9: Photoluminescence trajectories of CdTe NCs at an areal coverage of
15NCs/micron2 at multiple UV illumination intensities. NCs were initially exposed to
160ppm oxygen at 5lpm and subsequently recovered under argon gas flow.
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We have also investigated the PL decay of CdTe NCs at varying levels of the

incident radiation. As can be seen in Figure 2.9, the power was increased from 0.6W/cm2
to 12W/cm2, with the excitation wavelength fixed at 405nm and oxygen concentration
kept at 160ppm. As expected, photoinduced oxidation occurs more rapidly at higher UV
light fluence due to the increasing probability of interaction between quantum dots and
singlet oxygen. Under all circumstances, we found PL decay to be reversible. Upon
switching to an argon gas flow, recovery was rapid and reached a plateau at the end of the
hour. The slight overshoot in the case of 12W/cm2 could be due to a slight increase of
irradiance during operation at this maximal power level.

VIII. Conclusion
In summary, we have demonstrated that CdTe semiconductor nanocrystals with
MPA ligands exhibit reversible PL behavior upon switching between oxygen and argon
gas over multiple hours of continuous excitation. Significant PL decay was observed at
ultralow oxygen concentrations (40ppm), and the decay kinetics was experimentally
determined at multiple oxygen concentrations and excitation intensities. However, more
research is needed towards investigating the spectral evolution of NCs on film during
inter-switching between argon and oxygen environment. Wilfried et al. [2.2] has
attempted on this experiment and upon photooxidation, the PL spectrum of organic
solvent-based CdSe NCs was blue shifted. It would be very interesting if the spectral
properties of water-soluble NCs exhibit reversible spectral shifting under argon and
oxygen environment. In addition, to better understand the photostability of water soluble
CdTe NCs, a time correlated photon counting method can be applied to better understand
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the fluorescence lifetime changes of NCs exposed under argon and oxygen environments.
Furthermore, whether water-soluble NCs photobleaches only in the presence of oxygen
remains uncertain. It is demonstrated that oxygen is a necessary factor of photobleaching,
but it may not be a sufficient cause. It is undoubted that water molecules do affect
photoluminescence, [2.12, 2.14] therefore a more complete study is needed to relate
moisture content with PL trajectories. Moreover, based on previous studies by Amjad et
al. [2.4], organic solvent-based CdSe respond reversibly towards the presence of
triethylamine and benzylamine, as a result, understanding water soluble CdTe NCs
responses towards these gases could help better understand the potential of water soluble
CdTe NCs serving as nanosensors.
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CHAPTER 3: A NANOSENSOR FOR ORGANIC MOLECULES BASED ON
MPA CAPPED WATER SOLUBLE NANOCRYSTALS WITH POTENTIAL
APPLICATION IN HIGH RESOLUTION OPTICAL MICROSCOPY

I.

Introduction
A quantum dot, also known as a nanocrystal (NC), is a semiconductor material in

which the electron-hole carriers are confined in all three spatial dimensions. Unlike a
typical atom, these NCs have dimensions on the order of 1-10nm, therefore creating a
type of material that bridges the gap between bulk semiconductors and single atoms and
molecules. In recent years, NCs have been extensively researched for detection and
labeling of biomolecules due to their size dependent fluorescent characteristics. As a
result, several optical techniques utilizing NCs have been developed for molecular
recognition. These include colorimetric detection [3.1], fluorescence resonance energy
transfer (FRET)/quenching [3.2, 3.3], surface plasmon resonance analysis [3.4, 3.5], and
scattering based nano-sensing [3.6-3.8]. These techniques utilize the biomolecule
conjugated NCs to detect biospecific interactions; in particular, they have been successful
in FRET based studies due to their distinct optical characteristics [3.2, 3.3, 3.9]. In
related studies, gold nanoparticles have been employed to detect single mismatched
nucleotides via protein interactions [3.10].
However, to the best of our knowledge, none of these detection techniques have
been applied on a dried NC thin film, immobilized on a chemically functionalized glass
substrate. Unlike conventional optical microscopy techniques, these NCs are used as
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single pixel nanosensors on a 2D glass substrate where their photoluminescence
undergoes changes whenever foreign molecules are placed in their nanoscale proximity.
In this paper, we demonstrate a simple and solvent free optical biosensing
technique,

where

photostable

water-soluble

CdTe

NCs

undergo

reversible

photoluminescence (PL) quenching upon close interaction (nanoscale) with organic
molecules. Our results show an improved contrast ratio (by a factor of 2-3) using the
NC-organic molecule close proximity (abbreviated as NC-cp) imaging method when
compared to the conventional fluorescence imaging technique. The areal density of the
organic molecules was maintained within the range of pmol/cm2, which in many
applications is an ultralow concentration regime [3.11, 3.12]. Such NC thin films as
reported in the present paper could provide a simple solution for high throughput and
high sensitivity screening for molecular detection and potentially for super-resolution
optical microscopy.

II.

Immobilization of nanocrystals on APTES functionalized glass substrates
We used a simple method to systematically quantify the proximity interactions of

NCs with organic/bio molecules. The strategy involves adding micro-droplets of organic
molecules to a thin layer of NCs coated on a specially prepared glass substrate.
However, there are some conditions to be met: (1) NCs must not photobleach; and (2)
NCs must be anchored on the glass substrate such that they do not drift away after
addition of micro-droplets. Issue (1) was resolved by purging NCs with argon gas. It was
found that MPA-capped water-soluble CdTe NCs are highly stable in an argon
environment and do not exhibit any signs of photobleaching over time (Figure 2.2). Issue
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(2) was addressed by immobilizing NCs on a 3-aminopropyltriethoxysilane (APTES)
functionalized glass substrate. After rinsing with ethanol and/or water, NCs do not
exhibit any signs of coming off or photodegradation (Figure 3.1).

A"

B"

Before rinsing

Arb.%Units%

D"

C"

1st round of rinsing with
2 microL ethanol

2nd round of rinsing with
2 microL ethanol

160"
140"
120"
100"
80"
60"
40"
20"
0"
Before"rinsing"

After"1st"
After"2nd"
ethanol"rinsing" ethanol"rinsing"

Figure 3.1: Photoluminescence of NCs as collected by an EMCCD camera (described in
procedure) with a fixed exposure time of 500 ms. The emission filter was set at l =
605±15 nm, coinciding with the peak emission of the NCs. (A) PL profile of water
soluble MPA capped CdTe NCs before rinsing. (B) PL profile of NCs after 1st round of
ethanol rinsing. (C) PL profile of NCs after 2nd round of ethanol rinsing. (D) Averaged
PL count per pixel (after background subtraction) for each Figure 3.1A-3.1C. Upon
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rinsing with ethanol, no significant PL decay or removal of NCs was detected. Similar
results were obtained for NCs rinsed with water.
To further scrutinize the size and other characteristics of our CdTe+MPA NCs,
we acquired their PL spectrum, absorption spectrum, and TEM image and found out that
the peak absorption and emission coincide at 565nm and 615 nm respectively. The NC
particle has an average diameter of 3.45 nm with RMSE of 15% (see Figure 2.1).

III. Proximity interaction between nanocrystals and organic dye molecules
Previously we confirmed that our NCs are well anchored to the substrate so that
excess rinsing by ethanol or water does not remove any of the nano-particles from the
surface. Consequently, we can inject micro-droplets of organic dyes to examine the
interactions at close proximity (i.e., nanometer length-scale) between NCs and organic
dyes. Injecting micro-droplets of fluorescein on glass substrates is described in the
procedures section.
For comparison purposes, it is imperative to determine that fluorescein droplets
placed on NC thin film and imaged at 525nm emission filter (Figure 3.3A) are equivalent
to conventional fluorescence microscopy acquisition as if the NC thin film were not
present.
Fluorescein has peak emission at 525nm. Since our NCs are tailored to emit
maximally at 615nm, their PL within the pass-band of the 525nm filter is insignificant.
Hence, the bright spots in Figure 3.3A reveal directly the locations of fluorescein
droplets. We have also found that fluorescein placed on top of NC thin film experiences
the same excitation intensity as the NCs. The NC thin film has coverage of approximately
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75±15NC/µm2. With absorption cross-section value of 1.27×10-15cm2 [3.14], we calculate
that the effective NC thin film absorption is less than 0.1%. In addition, a separate
experiment was conducted where straight-line scratches were made on the NC layer atop
the glass substrate prior to micro-droplet injections (Figure 3.2). At an excitation intensity
of 2.3W/cm2, there is no observed fluorescein PL that is being affected between area
where NC is present and the scratched areas where NC is absent. This proves that the
presence of NCs does not affect the PL imaging of fluorescein at 525nm filter. We
conclude that the PL of fluorescein, viewed under 525nm emission filter, is equivalent in
its image quality to that acquired using conventional fluorescence imaging method.

A'

B'

Filter'525±15'nm'

Filter'605±15'nm'

Figure 3.2: PL images of Fluorescein microdroplets added on NC thin film, which were
partially scratched using sharp edge tweezers (A) image acquired at 525±15nm filter.
There is no PL intensity difference between areas where NCs are present with scratched
areas where NCs are absent (B) image acquired at 605±15nm filter where bright areas are
PL from NCs, the dark straight lines are scratch marks created from the tweezers to
remove the NCs and the circular spots are regions where PL is suppressed due to NCfluorescein close proximity interactions.
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The NC-cp images can be acquired from the emission filter at 605±15nm. The
bright areas observed in Figure 3.3C are NCs PL signal at its peak value, but significant
quenching is observed wherever fluorescein is present, as can be readily inferred from the
dark spots in the same figure.
In order to prove that the fluorescein micro-droplets do not wash away the
immobilized NCs, we proceeded to wash the sample with profuse amounts of ethanol.
Since fluorescein dissolves in ethanol, the micro-droplets are easily removed.
Eventually, the quenched NCs recovered their normal levels of PL as shown in Figure
3.3E-3.3F. Furthermore, the fact that fluorescein can be easily rinsed away indicates that
there is no strong chemical bonding between fluorescein and the NCs. This suggests that
we are observing a close proximity, non-covalent bonding interaction. In addition, one
may wonder if the observed quenching by close proximity is due to a trivial situation in
which the fluorescein layer blocks the light path of NCs toward the EMCCD. This
behavior, however, is unlikely in our experiments, as our EMCCD camera is placed in
the reflected path of the system (Figure A.5.1), which means that the PL signal is being
observed through the bottom of the substrate. Consequently, based on the observations in
Figure 4C, it is clear that the PL quenching of the NCs is due to the proximity interaction
between NCs and the organic dye.
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A'
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Figure 3.3: (A-D) Photoluminescence observations of NCs (peak emission at 615nm)
immobilized on glass substrate. Each picture is obtained from the specified bandpass
filter using a wide field Zeiss fluorescence microscope. NCs are covered with microdroplets of fluorescein (0.0625mg/mL, peak emission at 525nm) injected through a
tapered glass needle. Injecting the solution (at a volume of <1microL) creates a random
array of droplets of different sizes. Shown in these pictures are two distinct droplets: one
that has a diameter of 100mm, and a smaller one near the center having a 5mm diameter.
It is evident from Figure 3.3C that the NCs’ PL is quenched wherever fluorescein
molecules cover the NCs. (E, F) The PL of the NCs recovers after washing the sample’s
surface with ethanol; a residual trace of fluorescein at the droplet boundary remains
visible in F. These observations were carried out under continuous argon flow at 5lpm to
ensure stable NCs PL behavior. The excitation irradiance was 2.3W/cm2 at 405nm.
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A quantitative analysis of the NC-organic molecule interaction requires that we
calculate the contrast ratio of the image. Here we define the contrast ratio as the ratio of
the PL count difference (red and blue boxes in Figure 3.3) with the background PL value
(blue boxes).

Contrast Ratio = 1 −

PL605/525
red box
PL605/525
blue box

(3.1)

Comparative contrast ratio measurements were done between images at emission
filter, λ = 525±15nm and 605±15nm. The former contains peak emission of fluorescein
indicative of conventional fluorescence microscopy acquisition and the latter is the NCcp imaging. Specifically for NC-cp acquisition, a negative contrast ratio indicates NC
quenching, while a positive contrast ratio is indicative of PL enhancement. A contrast
ratio of 0 would indicate no interaction between the two materials.
The fact that NCs undergo PL changes in the presence of organic molecules is not
an unusual phenomenon. For example, it has been found previously that metallic
nanowires sense the presence of glucose. In addition, local surface plasmon enhancement
from metallic nanoparticles has been employed to sense the presence of anthrax for
homeland security purposes [3.8, 3.9]. However, it is found that our NCs are capable of
detecting analytes with improved contrast ratio at very low concentration (~ pmol of
analyte per cm2 area). Shown in Figure 3.4 are the results for fluorescein and Rhodamine
6G (R6G) at different concentrations.
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Figure 3.4: Contrast ratio comparison between NC-cp imaging and conventional
fluorescence imaging. Two analytes are investigated: Fluorescein (A) and R6G (B).
Concentrations of NC thin films are kept at approximately 75±15NCs/µm2. (C) Actual
image acquisition for fluorescein as collected by EMCCD with 605nm and 525nm
emission filters at different concentration. (D) Actual image acquisition for R6G as
collected by EMCCD with 655nm and 565nm emission filters at different concentration.
Absorption cross sections for both CdTe NCs and fluorescein molecules are acquired for
concentration measurements. The NC’s absorption cross section was found based on the
observations by Yu et al [3.14]; that of the fluorescein and R6G molecules were based on
the results of Dixon and Du et al [3.15, 3.16]. These were found to be around 1.27×10-
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cm2 for NCs, 3.9×10-17cm2 for fluorescein and 6.22×10-18cm2 for R6G with fixed

excitation at l = 405nm.

The contrast ratio with NC-cp imaging is approximately 2-3 times greater than
that observed with the conventional fluorescence microscopy (Figure 3.4A and 3.4B).
The contrast ratio viewed via conventional fluorescence microscopy increases linearly
with concentration, which is the expected result. However, NC-cp imaging drastically
increases in contrast ratio within the region between 500 to 2000molecules/µm2. This is
followed by a gradual decrease beyond 2000molecules/µm2 for fluorescein and
5000molecules/µm2 for R6G. The optimal contrast ratio improvement can be found
around 1000molecules/µm2 for fluorescein and 2000molecules/µm2 for R6G. The reason
why the contrast ratio surpasses that of the conventional method is as yet unknown;
however, one can speculate that the charge-charge interactions between analytes and NCs
at close proximity entail PL quenching (more information in section IV). At an optimal
concentration of analytes, the magnitude of PL quenching is at a maximum. However,
above such concentration, PL from the analytes (at l = 525-565nm), which falls within
the absorption band of NCs, could likely be absorbed and hence generates a brighter spot
at l = 605-655nm as evidenced in Figure 3.4C and 3.4D. Such declines in contrast ratios
were also found with increasing irradiance at fixed fluorescein concentration (see Figure
3.5).
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0.6 W/cm2
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E

12.5 W/cm2

Figure 3.5: (A) Contrast ratio as a function of irradiance of the mercury arc lamp (the
illumination source) at l = 405 nm excitation. Fluorescein micro-droplets were placed
over the NC layer, as shown in frames (B-E), which are the actual pictures captured by
EMCCD at different irradiance levels. Deliberate scratch marks made on the NC layer
are visible as straight dark lines in these pictures; this is to assess accurately the
background counts as irradiance increases. The emission filter is set at 605±15 nm and
the exposure time of EMCCD is fixed at 500 ms.
Below the turning point at 2.3 W/cm2, NCs exhibit increasing contrast ratio as the
irradiance increases. This is expected due to the basic assumption that the affected region
will approach a zero contrast in the limit of zero irradiance. The contrast ratio starts to
decline gradually as seen in Figure 3.5D and 3.5E when excitation irradiance exceeds 2.3
W/cm2. We believe that this is caused by an increased emission of the affected NCs due
to a rising PL reabsorption of photoactivated fluorescein placed in nanoscale proximity.
The PL of fluorescein peaks at 518 nm [3.17], which falls within the absorption region of
NCs. As a result, some NCs reabsorbs the light emitted by fluorescein and therefore
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generates more PL at 605 nm in the affected areas which entails a reduction in contrast
ratio. It was observed at 2.3 W/cm2, there is an optimal balance between quenching and
NCs reabsorption that results in the highest contrast ratio for fluorescein molecules.
Needless to say, the irradiance level for the optimal contrast ratio is also dependent on the
type and concentration of the sample. In this specific case, we utilized fluorescein with a
solution concentration of about 62.5 µg/mL. For the purposes of this work, we have
assumed the optimal contrast ratio for all samples to be reached at an irradiance level of
2.3 W/cm2.

IV.

NC-fluorescein proximity interaction at different pH levels
The exact mechanism of NC quenching in the presence of fluorescein is not fully

understood. However, investigating quenching (or enhancement) of NCs under different
pH conditions could provide for a better understanding of the interaction mechanism.
According to Cook and Sjoback [3.17, 3.18], at pH 4, fluorescein is in a cationic state,
but as pH rises to 12, fluorescein becomes dianionic.
We conducted separate experiments with fluorescein solutions at different pH
levels. Concentrations for all fluorescein solutions were normalized so that the amounts
of fluorescein for all micro-droplets were kept constant, as evidenced in Figure 3.6A,
which is obtained by conventional fluorescence imaging. We also ensured that basic
ethanol did not create any significant PL enhancement or quenching of NCs. All of the
PL values were background subtracted, and the concentration of fluorescein for all pH
values was kept at approximately 1000molecules/µm2, which provides the maximum
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contrast ratio, in accordance with Figure 3.4. The results of this study are shown in
Figure 3.6.
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Figure 3.6: (A) Contrast ratio versus the pH level of the fluorescein solution. NC-cp
imaging in red and conventional imaging in black. (B) EMCCD-captured photographs
showing the results of changing the pH from 5.5 to 12. The top row is obtained with the
emission filter at 605±15nm, while the bottom row corresponds to the 525±15nm filter.

According to Figure 3.5A, the contrast ratio of NCs initially shows a strong
quenching effect, but, as the pH increases, the contrast ratio first increases and eventually
turns positive, which indicates the enhancement of the PL signal in the presence of
fluorescein. Figure 3.5B (top row) shows the actual image collected by the EMCCD for
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the 605±15 nm emission filter. We verified the presence of fluorescein in all the affected
spots; see the bottom row in Figure 3.5B, which has been captured with the 525±15nm
filter.
The contrast reversal of NCs as pH increases supports the hypothesis that NC PL
enhancement and quenching is a result of changes in the fluorescein charge states. At pH
4, the cationic fluorescein draws the electron from the electron-hole pair generated within
the NC towards the organic dye molecule. This impedes radiative recombination,
resulting in quenching. This quenching mechanism is analogous to the photo-oxidation
process. Singlet oxygen created by UV excitation reacts with the tellurium atoms on the
surface of the NCs. As a result, the surface of the NC after photo-oxidation becomes a
composite of CdTexO1-x with a lower bandgap than CdTe. This eventually becomes a
trap site for electrons that blocks radiative recombination [3.19, 3.20].

The main

difference between these two situations is that fluorescein has a temporary (reversible)
effect on NCs, as evidenced in Figure 3.3E and 3.3F, whereas photo-oxidation could be
permanent.
In contrast to the above situation, at pH 12, fluorescein becomes dianionic. This
negative charge state passivates the surface of the NCs, thereby increasing the electronhole recombination rate. Such a mechanism for NC photoluminescence enhancement has
been reported previously. In 2008, Ko et al [3.21] found that NCs become brighter when
exposed to 1% agarose gel. From their observations, Ko and co-workers concluded that
their NCs’ PL had been enhanced due to the strong electronegativity of agarose gel that
resulted in the filling of the NCs’ surface trapping sites.
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V. Long duration studies of NC-fluorescein proximity interactions
To further understand the performance of our NC particles in the presence of
organic/bio molecules, we investigated the time-line trajectory of the contrast ratio over a
period of 40 minutes. This is to determine whether the NC particles could be used to
sense the presence of organic molecules over long periods of time. We scattered an array
of fluorescein micro-droplets and measured the PL of the affected regions.

Small

scratches were made on the NC layer atop the glass substrate in advance of micro-droplet
injections in order to keep track of the real-time background intensity (see the inset in
Figure 3.7).
0.1

Contrast ratio

0.08
0.06
0.04
0.02
0
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Figure 3.7: Plot of the contrast ratio versus time for NC regions of a sample covered with
fluorescein molecules. The inset at right shows an actual EMCCD picture of the sample,
where the fluorescein micro-droplet clearly suppresses the NC PL getting through
605±15nm emission filter. The scratch marks were deliberately made to measure the real
time background intensity. The inset at left shows the PL signals of the NCs with and
without coverage by fluorescein. Excitation irradiance was set at 2 W/cm2 and the
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exposure time for each frame was 2s. The sample was exposed to continuous argon flow
at 5 lpm.

Over a period of 40 minutes, the contrast ratio declines by less than 10%, as
shown in Figure 3.7. This indicates good reliability for long duration measurements. In
order to better understand this slight reduction of the contrast ratio, the PL of both bare
NC and covered NC were determined. Both of these values were subtracted from the real
time background profile. From the left inset of Figure 3.7, it is expected that watersoluble CdTe NCs (red curve) do not exhibit any signs of photobleaching consistent with
the result found in Figure 2.2. However, the PL of covered NCs (blue curve) increases
by about 15%. This indicates the photobleaching of fluorescein molecules. It is likely
that, as described in section B, reduction of the contrast ratio could be caused by a
declining number of photo-activated fluroescein molecules. In spite of the fact that NCs
do not exhibit significant photobleaching under argon flow; this is not necessarily true for
the fluorescein molecules.

All micro-droplets were pre-dried for 10 minutes under

continuous argon flow at 5lpm before excitation; therefore, it is unlikely that the increase
in the PL of the affected region is due to drying of the micro-droplets.

VI.

Summary

The contrast ratio comparison between the NC-cp imaging and conventional fluorescence
microscopy technique can be summarized as shown in Table 3.1:
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Concentration

Contrast ratio

Contrast Ratio

Type of Nano Crystal

No.

Sample/Analyte

(molecules/µm2)

(NC-cp imaging)

(Conventional)

Affixed to Substrate

1

Fluorescein (pH 4)

1000±200

-0.090±0.010

0.066±0.010

NC 615

2

Fluorescein (pH 5.5)

1000±200

-0.035±0.006

0.061±0.010

NC 615

3

Fluorescein (pH 7)

1000±200

-0.028±0.004

0.062±0.010

NC 615

4

Fluorescein (pH 8)

1000±200

-0.023±0.002

0.062±0.010

NC 615

5

Fluorescein (pH 10)

1000±200

0.007±0.001

0.089±0.010

NC 615

6

Fluorescein (pH 12)

1000±200

0.043±0.006

0.067±0.010

NC 615

7

Fluorescein (pH 4)

1000±200

-0.084±0.010

0.063±0.010

NC 655

8

R6G (pH 4)

2000±250

-0.080±0.010

0.021±0.005

NC 655

9

GFP (pH 7)

115±25

0.060±0.010

0.022±0.005

NC 615

10

GFP (pH 7)

115±25

0.065±0.010

0.022±0.005

NC 655

Table 3.1: The measured contrast ratio for all the samples reported in this paper.

Measurements were made with sample

concentrations that give the highest contrast ratio. The NC thin film concentration was kept at about 150±30NCs per square micron.
Excitation wavelength and intensity were fixed at 405nm and 2.3W/cm2, respectively. Depending on the type of NC thin film,
observations were made either at 615nm or at 655nm, as indicated.
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There is no doubt that NC-cp imaging is capable of providing greater contrast

ratio compared to the conventional methods. The NC’s high sensitivity towards green
fluorescent protein (GFP) resulted in 3-times larger contrast ratio at ultralow
concentration (115 GFP/µm2). The actual EMCCD acquisition is shown in Figure 3.8.
This substantial enhancement of the contrast ratio could be due to the size of the GFP
molecule, which is roughly 5-10 times greater than that of an organic dye (e.g.,
Fluorescein or R6G).

A"

C"

B"

Filter'525'±'15'nm'

Filter'605'±'15'nm'

Figure 3.8: Enhanced contrast ratio for the NC-cp imaging in (B) compared to the GFP
microdroplets acquired via the conventional fluorescence microscope (A). (C) is the
physical length of GFP which is 5-10 larger than the fluorescein or R6G molecules.
In addition to investigating NC -coated substrates that emit maximally at 605nm
(written as NC 605 in “type of NC thin film” column in Table 3.1), we also investigated
organic molecule interactions with several NC 655 samples. As seen in Table 3.1 (No. 1
and No. 7), there was no significant increase in contrast ratio for fluorescein molecules
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when the sample changed from NC 605 to NC 655. This indicates that contrast ratio is a
weak function of the size of the NC.

VII.

Future application for super-resolution microscopy technique
Demonstrating that dried CdTe NCs immobilized on a glass substrate do in fact

exhibit significant photoluminescence response towards organic molecules opens up a
novel and simple approach for high-resolution optical microscopy.
Assuming that one can create a uniform or non-uniform array of NCs with
approximately 50nm spacing, each NC having a different fluorescence wavelength with
good photostability, one can then easily arrange for monitoring the proximity of various
nano-objects (e.g., organic or bio-molecules) to individual NCs of this array (see Figure
3.9). NCs affected by proximity to (or contact with) the nano-object will experience
either enhancement or quenching of their PL, depending on the charge states and the
types of nano-objects under investigation. This method of microscopy can achieve subwavelength resolution despite the fact that its illumination and collection optics are the
same conventional far-field optics used in ordinary microscopes. However, achieving
sub-wavelength resolution comes at the expense of added complexity for separating the
fluorescence wavelengths emitted by several NC particles affixed to different regions of
the substrate. For example, if a protein molecule embedded in a phospholipid membrane
atop the glass substrate is moving within a diffraction-limited pixel (~200nm), then its
exact location can be determined with the additional spectral information obtained from
the NCs that are located within a diffraction-limited spot. Although finding the spectral
profile of a single NC may be challenging, a practical solution would be to add a
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transmission grating before the CCD detector in a conventional fluorescence microscope
[3.19]. By analyzing the change in the overall photoluminescence spectrum occurring
within a diffraction-limited area of the substrate (e.g., ~200×200nm2), one can extract
additional information about the location, size, shape, and nature of the molecules/objects
under investigation. Unlike other microscopy techniques that rely on pulsed/patterned
illumination and complex optical setups, the method proposed here simply relies on a
pre-fabricated substrate covered with an array of NCs acting as nanosensors. Our method
has simple illumination irradiance requirements (~2.3W/cm2, continuous wave at λ =
405nm), and, aside from the need to distinguish the PL signal from different NCs, it does
not require major changes to the available far field optical microscope designs.

50 nm

20
0n

m

spectrum

NC ~4 nm

Molecule

Figure 3.9: Schematic view of an array of NCs with different emission wavelengths,
affixed to a glass substrate and covering a typical area of 200×200nm2, with 50nm
spacing. An organic or bio-molecule coming into contact with (or in close proximity to)
a NC will affect the NC’s photoluminescence at the specific location, hence changing the
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spectral profile of the array. By monitoring the spectral changes and correlating them
with the known coordinates of the various NCs, one can obtain sub-wavelengthresolution information about the movements of the organic/bio molecule.
VIII. Conclusion
We have demonstrated that NCs can be used to sense the presence of organic and
biomolecules in their proximity via a reversible quenching or enhancement of the PL of
the NC particles.

The NCs PL changes were investigated as functions of the

concentration of the analyte, types of analyte, pH of analyte, and duration of the
excitation. These results are summarized in Table 3.1. It is found that the observed
contrast ratio from NC-cp imaging is about 2 to 3 times larger than that obtained with
conventional fluorescence imaging at an analyte concentration range of pmol/cm2. Our
imaging method is also capable of measuring the charge states of the analytes, thus
providing a possible option for high throughput and high sensitivity screening for
molecule detection.
Furthermore, NC-cp imaging establishes the feasibility of using the observed
effects for super-resolution optical microscopy of the kind described in the previous
section.

Such measurements could be further improved by investigating the

corresponding spectral shifts and fluorescence lifetimes. As a result, quantifying the
relevant parameters could provide a fingerprint for detection of specific analytes.
Detecting non-fluorescent molecules (such as bovine serum albumin (BSA), glucose,
fructose, amino acids, etc.) is still a challenge because, unlike fluorescent molecules, it is
presently impossible to determine the location and concentration of these non-fluorescent
molecules. However, attaching these molecules to a functionalized AFM tip and bringing
!
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them into the vicinity of NCs could provide a viable method of quantifying the
corresponding changes in the PL of various NCs.

This method is presently under

investigation so as to demonstrate that our ultrastable, water-soluble, CdTe NCs can be
used as molecular sensors in a wide variety of applications.
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CHAPTER 4: TEMPERATURE INSENSITIVE, NON-BLINKING AND NONPHOTOBLEACHING CORE GRADED SHELL “GIANT” MULTISHELL
SEMICONDUCTOR NANOCRYSTAL

I.

Introduction
In recent years, colloidal semiconductor nanocrystals (NCs) have demonstrated

the utility of their unique properties in diverse applications such as optically pumped
lasers [4.1, 4.2], photovoltaic cells [4.3], 3D holography [4.4], light emitting diodes [4.5,
4.6] and a number of different bioprobes [4.7-4.9]. As a result, researchers have invested
significant effort in improving these NCs’ photostability, reducing their size dispersion,
increasing their quantum yield, and eliminating their fluorescence intermittency. Murray
et al have made NCs with size dispersion of less than 5% [4.10]. High quantum yield (5080%) and photostable water-soluble CdTe NCs have been repeatedly demonstrated for
multiple biological applications [4.9, 4.11]. In 2009 Wang et al demonstrated that
CdSe/CdZnSe/ZnSe core graded-shell NCs are ideal for applications that require
extremely photostable quantum-dots that do not blink in the visible range [4.12].
In spite of the aforementioned achievements, NCs continue to suffer from a large
photoluminescence (PL) temperature dependence. It was found previously by Bawendi et
al that NCs’ PL intensity decreases by more than 85% for 5nm diameter CdSe/ZnS
particles from 100K to 300K [4.13]. Although such NCs are useful as an optical
temperature probe, they are not suitable for temperature insensitive laser devices. Recent
progress has found that InAs-based self-assembled NCs can be used to create
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temperature-insensitive laser diodes at λ=1.3µm [4.2]. However, temperature-insensitive
NCs in the visible range have remained elusive.
In this report, we demonstrate that a certain “giant” semiconductor nanocrystal (gNC) could solve the aforementioned temperature-dependence problem. The g-NC is a
type of nanoparticle whose large size (>10nm in diameter) compared to standard NCs (210nm) has proven beneficial in terms of suppressed blinking, longer fluorescence
lifetime, and reduced photobleaching [4.14, 4.15]. We have found that CdSe/CdSe1xSx/CdS

core graded-shell g-NCs have a robust PL temperature response. With only 30%

decrease in PL as the temperature rises from 85K to 355K, these g-NCs exhibit much
better PL stability than the CdSe/CdS core/shell g-NCs (80% PL drop in the same
temperature range; see Figure 4.4). We also monitored the spectral shifting and
broadening of our core graded-shell g-NCs and found them to have better performance
than the standard CdSe/CdS core/shell and CdSe core-only NCs. Our CdSe/CdSe1xSx/CdS

core graded-shell g-NCs are largely non-blinking and can withstand high

excitation fluence (on the order of 10kW/cm2 at λ = 532nm) for more than an hour
without any signs of PL decay.
Shown in Figure 4.1 are the two structural designs of core step-shell and core
graded-shell g-NCs.
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A"

B"

Wave!function:!

Structural!design:!

Figure 4.1: (A) CdSe/CdS core/shell g-NCs internal composition design where CdSe (in
red) is passivated by CdS (in blue) in a step-like structure. This creates an abrupt change
in the wavefunction energy level. Due to the lattice mismatch between CdSe and CdS, the
thick shell layers (CdSe to CdS volume ratio of 1:25 – not drawn to scale) could create
excessive lattice strain at the interface between core and shell structures. (B)
CdSe/CdSe10xSx/CdS core graded-shell internal composition design. The graded design
helps to minimize the lattice mismatch between the two materials, thereby reducing the
lattice tension between the core and shell structures. We find that the graded structure
helps to minimize the PL temperature-dependence of the nano-particles. (Figure adapted
from Wang et al [4.12])

II.

Characterization of “Giant” nanocrystals
Starting with 3nm diameter core NCs, these particles grew to a size of 10nm by

sequentially adding monolayers of inorganic shells. As described in the procedure,
CdSe1-xSx or CdS alloys were grown onto the CdSe cores using modified literature
procedure that is based on a successive ion layer absorption and reaction (SILAR)
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technique [4.16]. The growth of up to 10 monolayers was conducted over a period of 12
hours to achieve reasonable control over the NCs’ size variation. The shell is either single
composition - 10 layers of CdS (core step-shell CdSe/CdS g-NCs), or multiple
composition - 5 layers of linearly varying CdSe1-xSx and 5 layers of CdS (core gradedshell CdSe/CdSe1-xSx/CdS g-NCs).
It is well-known that, in general, adding shell layers onto core NCs tends to shift
the PL spectra [4.18] to longer wavelengths. This indicates an expansion of the core wave
function into the shell region and, therefore, increasing the effective size of the core while
reducing quantum confinement effects by the core NC wave function. By continuing to
deposit shell layers, these NCs are gradually dominated by the CdS shell material. With a
shell:core volume ratio of approximately 25:1, the absorption feature blue shifts, where
large absorption is seen at about 500nm indicative of a CdS bulk bandgap (Figure 4.2).
We denote such a transition in the absorption spectrum as the defining characteristic for
our “giant” NCs (g-NCs). Shown in Figure 4.2 are the absorption and photoluminescence
spectra of core graded-shell (G-type) and core/shell (S- type) NCs with increasing shell
layers.
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Figure 4.2: (A) Absorption and PL spectra of core graded shell NCs (denoted by “G”)
with 3, 6, and 10 shell layers. The notation of G3 represents 3 layers of graded CdSe1-xSx
shell with no CdS shell, G5-1 indicates 5 layers of graded CdSe1-xSx shell and 1 layer of
CdS shell, and G5-5 includes the same 5 graded shells but with 5 layers of CdS shells.
(B) Absorption and PL spectra of core step shell NCs labeled as “S” followed by the CdS
shell number. Both types of NCs gradually change in size from standard core-shell NCs
to g-NCs as the relative absorption level suddenly increases in the 500 nm region
(denoted by blue arrow). The fact that the PL red shifting rate decreases with added shell
layers indicates that the size dependent quantum confinement effect is rapidly declining.
This is also a clear indication that NCs have approached saturation in red shifting - a
characteristic that is suggestive of a heavily shelled NC. The quantum yield for G5-5 and
S10 were found to be 7%. This is consistent with the experimental results reported in
[4.18].
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TEM measurements were also conducted for the G5-5 and S10 g-NCs, and the

average sizes for both g-NCs were found to be 10.2nm with root mean square percentage
error (RMPSE) as described in Figure 4.3. The G5-5 g-NCs are slightly prolate with an
aspect ratio of 1.3, as shown in the inset of Figure 4.3A. However, S10 g-NCs have
oblate features with an aspect ratio of about 1.05.

B"

A"

~10$nm$

~10$nm$

C"

Figure 4.3: (A) TEM image of G5-5 g-NCs. The average size is about 10.16 nm with
RMSE of 17.7%. Inset, high-resolution TEM acquisition; the G5-5 g-NC is slightly
prolate with an aspect ratio of 1.3. (B) TEM image of S10 g-NCs. The average size is
about 10.2 nm with RMPSE of 13.6%. Inset, high resolution TEM acquisition of S10 g-
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NCs. Unlike the G5-5 g-NCs, these step-shell g-NCs are more oblate, with an aspect ratio
of 1.05. (C) The CdSe core NCs from which both g-NCs were created. Similar to G5-5
nano-particles, these NCs have an aspect ratio of 1.25. The unprotected cores have an
average diameter of 3.5 nm along their major axis, with an RMPSE of 8.83%.

III.
Photoluminescence temperature response between G5-5 and S10 “Giant”
nanocrystals
The temperature dependent PL spectra of the G5-5 and S10 g-NCs are shown in
Figure 4.4.
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Figure 4.4: Temperature dependent PL spectra of (A) S10 g-NCs and (B) G5-5 g-NCs.
These spectra were collected using a high sensitivity CCD camera as described in the

!

!

79!

procedure. A transmission blazed grating (300 ln/mm) is used to diffract different
wavelengths of the PL light. The concentrations of the NC thin films immobilized on a
glass substrate are kept at approximately 500 NCs/µm2. the excitation wavelength is 450
nm with an irradiance of 4W/cm2. (C-D) Actual PL figures acquired from the CCD
camera at different temperatures after passing through the transmission grating. These are
PL spots acquired at the first diffraction order (m=1) with a blaze angle of 17.50 (see
section C.7 for information on calibration)

Although G5-5 and S10 g-NCs were found to have very similar sizes (see Figure
4.3), the G5-5 g-NCs have a much better high temperature PL performance than the S10
g-NCs as evidenced by Figures 4.4C and 4.4D. A separate experiment confirmed that
neither of these two g-NCs exhibits any photobleaching even at high excitation fluence
(see Figure 4.14). The g-NC samples were tightly locked in a vacuum chamber at 1×10-6
mbar, thereby eliminating any possibility of photo-oxidation [4.19-4.21]. The borosilicate
glass substrate has a thermal expansion coefficient of 3.1×10-6/K [4.22], which
corresponds at most to an expansion of ~10µm from 85K to 355K. This is equivalent to
about 4% temperature-induced sample shifting within the 250µm spot size. As a result,
thermal drifting of the sample itself is not expected to be significant insofar as the
readings of the PL spectra are concerned. Furthermore, both g-NCs exhibit 100%
reversible PL response by varying the g-NC’s temperature from 300K to 360K (see
Figure 4.5). This indicates that our temperature dependent PL spectra are reliable.
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A separate experiment confirmed that neither of these two g-NCs exhibits any

photobleaching even at high excitation fluence [4.18]. The g-NC samples were tightly
locked in a vacuum chamber at 1×10-6 mbar, thereby eliminating any possibility of photooxidation [4.19, 4.20]. The borosilicate glass substrate has a thermal expansion
coefficient of 3.1×10-6/K [4.22], which corresponds at most to an expansion of ~10 µm
from 85K to 355K. This is equivalent to about 4% temperature-induced sample shifting
within the 250µm spot size. As a result, thermal drifting of the sample itself is not
expected to be significant insofar as the readings of the PL spectra are concerned.
Furthermore, both g-NCs exhibit 100% reversible PL response by varying the g-NC’s
temperature from 305K to 365K (see Figure 4.5). This indicates that our temperature
dependent PL spectra are reliable.

Figure 4.5: Reversible photoluminescence response of G5-5 g-NCs (black) as
temperature is varied between 300K and 360K (red). However the final round of
temperature response was increased to 380K then reduced gradually to 300K. However,
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due to thermal shock at 380K, there is a small amount of g-NCs that has been damaged
permanently as evidence by the slight PL decrease upon full recovery.

The relative integrated PL intensity (PL normalized at 85K) of different-size Stype and G-type NCs were measured using a PMT with a long-pass emission filter (cutoff
at 597nm). As a reference, the CdSe NCs (labeled as “core”) integrated PL intensities
were also measured and found consistent with previous experiments [4.13]. All three G
type g-NCs under investigation exhibit robust temperature stability. The S-type and coreonly NCs exhibit a weakly decreasing PL in the range of 85-275K, then a rapid decrease
is observed above 275K. This suggests the existence of at least two temperature
dependent nonradiative processes consistent with the behavior found in previous
experiments [4.13, 4.23, 4.29]. Among the nonradiative processes are Forster energy
transfer between NCs [4.24], radiative relaxation [4.23], Auger non-radiative scattering
[4.25, 4.26], thermal escape from NCs [4.27], and trapping in defect states [4.28]. What
we found was that, instead of the conventional decrease in the PL intensity, the G-type
NCs become brighter by about 15% as the temperature rises from 85K to approximately
250K, before declining at higher temperatures. It is as yet unknown as to why these NCs
behave differently, therefore more research is needed to elucidate the underlying radiative
recombination mechanism of these g-NCs.
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Relative Intensity (PL Normalized at 85K)
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Figure 4.6: Summary of relative intensity (PL normalized at 85K) of different types of
NCs (G5-7, G5-5, G5-3, S10, S3 and CdSe core-only NCs) as a function of temperature,
measured using the photomultiplier tube of our custom-built microscope.

IV.
Empirical fit of the temperature dependent energy bandgap and FWHM of
nanocrystals
The temperature dependence of the main PL resonance peak energy (equivalent to
the energy gap of the NCs) is reported in Figure 4.7. The experimental data were fitted
with the Varshni relation [4.23, 4.29], which describes the temperature dependence of the
energy gap of bulk semiconductors.
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"! ! = −!
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In the above equation, ΔEg is the difference between energy gap at temperature T

(Eg(T)) and energy gap at 0K (Eg0) , α is the temperature coefficient (in eV/K), and β is
the corrected Debye temperature of the material.
It is found that the best fit for the reference core-only CdSe NCs, that is, α =
(3.21±0.2)×10-4eV/K and β = 290±40K, well reproduces the experimental data. These
values are consistent with the values found in the literature for bulk CdSe: α = (2.8-

ΔE = Eg(T)−Eg(0) (in eV)

4.1)×10-4eV/K and β = (181-315)K [4.31].
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The G5-5 g-NCs have minimal wavelength shift at high temperatures. Within a

temperature span of 270K (85-355K), this type of g-NC exhibits a red-shift of
approximately 7meV (black line in Figure 4.7) which gives an α value that is 5-10 times
smaller than any of the conventional NCs (see Table 4.1).
The reduction in temperature sensitivity for G5-5 g-NC could be further
understood by comparing with the temperature dependent energy gap of the S10 g-NCs,
also shown in Figure 4.7 (red data points). The S10 g-NCs initially blue-shift by as much
as 20meV, followed by a 30meV red shift at higher temperatures. Such unexpected
behavior could be related to the prolate structure of the core-only CdSe NCs (Figure
4.3C). It is found that the linear thermal dilatation coefficient of CdS (3.6x10-6/K) is one
half that of the CdSe material (7.4x10-6/K) [4.30]. However, these values could at most
induce a size variation of about 0.009nm across the investigated temperature range,
corresponding to about 1meV difference in the peak wavelength shift, which is
insufficient to explain our observed data [4.23]. The blue shift of the S10 g-NCs could be
attributed to the anisotropic structure of the core CdSe coated with thick layers of CdS
shell. With an aspect ratio of 1.25 for the core NCs and an aspect ratio of 1.05 for the S10
g-NCs, there must exist a nonuniform pressure distribution at the core shell interface. The
largest pressure and highest non-radiative loss occurs at the major axis of the core NCs.
As a result, the electron-hole pair is “forced” to recombine radiatively at a slightly shorter
dimension. Despite the speculative nature of this explanation, an assessment of the major
and minor axes of the core NCs reveals that they are on average 3.5nm and 2.8nm,
respectively (Figure 4.3C). This indicates that, if the electron-hole pair recombines along
the minor axis, it could blue shift by as much as 70meV, which is of the same order of
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magnitude as the observed peak wavelength shift. By creating a gradually changing coreshell interface, one could effectively minimize the thermal expansion pressure between
the core and the thick shell interface. As evidenced by the G5-5 g-NCs depicted in
Figure 4.7, such dependence of the bandgap on temperature can be drastically reduced.
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Figure 4.8: The ΔFWHM of the PL spectra of different samples. The lines are the best-fit
curves, as described in Eq. 4.2.

The experimental data of Figure 4.8 was fitted with Eq. (4.2) below, which
describes the temperature dependence of the excitonic peak broadening in bulk
semiconductor materials [4.22, 4.28]:
!!"
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Here ΔΓ is the FWHM difference between the PL linewidth at temperature T and the
inhomogeneous

linewidth

(Γinh),

which

is

temperature

independent.

While

inhomogeneous broadening is due to the fluctuations in size, shape and composition of
NCs, homogeneous broadening (expressed in Eq. (4.2)) is related to the exciton-phonon
interactions. σ is the exciton-acoustic phonon-coupling coefficient, ΓLO represents the
exciton-LO phonon-coupling coefficient, ELO is the LO-phonon energy, and kB is the
Boltzmann constant. A summary of the fitting parameters is given in the supplementary
data Table 4.2.
The best fit curve for our CdSe core-only NCs yields Γinh = 132±10meV, σ =
67±10meV, ΓLO = 38±4meV and ELO = 24.5±0.5meV, which are similar to those found
by Valerini et al for their 5 nm diameter CdSe/ZnS NCs [4.23]. Confirmation of the LO
energy, ELO, is also found from the Raman spectroscopy measurement of CdSe NCs
[4.32, 4.33]; their estimated value is about 25.4meV, which is in close agreement with
our findings (ELO = 24.5meV in Table 4.2).
From the experimental data, G5-5 g-NCs have a smaller temperature-dependent
linewidth broadening compared to all other types of NCs; their σ value of 15±5µeV/K, is
2-4 times smaller than that of the other NCs. In contrast, S10 has by far the largest σ
value, which could be ascribed to the presence of some additional dephasing process,
induced by surface defects or trap sites at the abrupt interface between core and shell
layers [4.23].
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V.

Photoluminescence temperature response of annealed S10 g-NCs
To further verify that the improved thermal stability of G5-5 g-NCs is related to

the graded material that minimizes the core shell lattice tension, a separate experiment
was conducted in which the S10 g-NCs were annealed at 1900C for 18 hours under
vacuum. The annealing temperature is chosen to be high enough to thermally induce
atomic mobilities between the CdSe and CdS materials, without causing damage to the
overall nanostructure. The annealed S10 g-NCs were gradually cooled to room
temperature to prevent the formation of internal cracks due to thermal shock. We have
found that the intensity readout from the photomultiplier tube (PMT) is 50% of the same
sample before annealing, indicating that half of the g-NC population has been
permanently damaged. However the surviving annealed S10 g-NCs (hereinafter denoted
as the sample S10A) have outstanding PL temperature stability.
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Figure 4.9: (A) Temperature dependent PL spectra of S10 and (B) after annealing at
1900C (S10A). The PL spectra is much more stable similar to the G5-5 spectra after
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annealing. The excitation wavelength and intensity is exactly the same as described in
Figure 4.4 and the g-NCs coverage is fixed at about 500NCs/µm2.

The temperature dependent PL response of S10A becomes much more stable as
shown in Figure 4.9. The PL intensity, peak wavelength shift and the FWHM are
analyzed and compared with the S10 data as shown in Figure 4.10.
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Figure 4.10: (A) The relative intensity (PL normalized at 85K) of the S10 g-NCs before
and after annealing. It is found that the PL becomes much more thermally stable and (B)
is the fitted ΔFWHM experimental data as described in Eq. 4.2. S10A is about 50% less
sensitive towards homogeneous broadening. (C) ΔEg(T) of S10A and S10. It is found that
the PL peak energy shift of S10A is about 2 times less than the S10 sample.
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Shown in Figure 4.10A, the S10A sample has the PL intensity recovered by more

than 40% at 355K. A good agreement of the experimental data in Figure 4.10B with Eq.
4.2 reveals that the temperature dependent σ coefficient reduces from 86.58±10 to
39.51±6µeV/K (a 50% drop). The PL peak energy shift shown in Figure 4.10C for S10A
is at least 2 times smaller in magnitude than the peak shift for the S10 sample (see Table
4.3 and 4.4 for the summary of each fitting parameter). This proves that by easing the
lattice tension of the CdSe/CdS interface for g-NCs could effective render the
nanomaterials temperature insensitive. However, the underlying mechanism as to how
larger NCs with graded core shell interface stabilizes thermal PL response is yet
unknown. Perhaps by performing an in-depth computational simulation on core graded
shell NC design could provide useful insights about the physics of these g-NCs.

Type of NCs
core
S3
G5-5
S10
Bulk CdSe
S10A

Varshni Equation
Eg(0)
α(x10-4eV/K)
2.2±0.2
3.2±0.8
2.1±0.2
1.6±0.4
1.9±0.2
0.32±0.04
1.76
3.7
1.9±0.2
0.67±0.05

θ (K)
290±40
310±40
244±40
150
271±40

Table 4.1: Varshni equation parameter fit (Eq. 4.1) for all NC samples. It is found that
S10A has similar fitting values with G5-5 g-NCs indicating that temperature PL
dependent response is drastically reduced due to annealing at high temperatures.
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FWHM
Type of NCs
Γinh(meV)
σ(µeV/K)
ΓLO(meV)
ELO(meV)
core
132±5
67±10
38±2
24.5±0.5
S3
142±5
36±8
16±2
24.5±0.5
G5-5
178±5
15±5
6±2
25.0±0.5
S10
198±5
87±10
18±2
24.5±0.5
S10A
199±5
40±6
19±2
24.5±0.5
Table 4.2: FWHM homogeneous broadening fit (Eq. 4.2) for all NC samples. It is again
found that S10A g-NCs has reduced broadening effects than S10 samples by close to a
factor of 2. It is about 40% better than the core NC and is within the same value as the S3
sample. Nevertheless, G5-5 sample has the least temperature dependence from all types
of NCs.
VI.

Blinking statistics of G5-5 g-NCs
!The blinking statistics of the G5-5 g-NCs analyzed at room temperature are

shown in Figure 4.11.
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Figure 4.11: (A-D) The blink “on” fraction statistics of different sizes of NCs from core
to G5-5 g-NCs. Each case has sample size of 50. The excitation wavelength is set at 405
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nm with irradiance of 2W/cm2. (E) A sample of the blinking trajectory of G5-5. The
exposure time is set at 1s and the emission wavelength filter is 655±20nm. (F) The
diffraction limited spot of G5-5 when it blinks “on” and “off” at the bottom picture.

The PL of G-type NCs is collected from a dilute NC thin film immobilized on a
glass substrate.

Based on SEM measurements, we have found that the separation

between NCs is approximately 0.3µm (see Figure 4.12 and 4.13). Utilizing the Rayleigh
criterion, the spatial resolution of our microscope system should be about 0.22µm (NA=
1.46, 100X objective lens). This gives a probability of greater than 75% that the observed
diffraction limited spot comes from a single NC.

Figure 4.12: SEM image of the NC immobilized on glass substrate. The distance between
NC has an average of 0.305µm with a standard deviation of 0.13µm. Based on the
diffraction limited spot with a NA of 1.46 and 100x magnification, the resolution limit is
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approximately 0.22µm. This gives us a statistical probability of 76% that each observed
spot is PL from single NC.
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Figure 4.13: Statistical measurement of distance between neighboring NCs from SEM
measurements. The sample size is 150. The mean distance is 0.305 µm with standard
deviation of 0.13 µm.

The blink “on” threshold is based on the following criterion [4.18]:
!!" > !!!!"#$%&'( + 2.5!!"#$%&'()*
where for NC to be considered “on”, the averaged pixel intensity (Ion) must be greater
than 2.5 times the standard deviation of background noise (σbackground) above the averaged
background intensity (Ibackground).
We measured 50 NC samples for each NC size (core-only, G3, G5-3 and G5-5)
and based on Figure 4.11D, G5-5 g-NCs have the highest probability of having
nonblinking NCs. Approximately 67% of these g-NCs are nonblinking and the rest of the
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30% exhibit a blink “on” fraction of greater than 0.95. Such observations are also
consistent with those of the core/shell CdSe/CdS g-NCs - the smaller the size, the higher
the blinking rate [4.13, 4.17, 4.33]. It was found previously that blinking occurs because
NC charges and discharges randomly under constant illumination. However, if the NC is
charged, the extra carrier initiates a process known as nonradiative Auger recombination.
This is a process whereby the excitation energy of the electron-hole pair is transferred to
the extra charging electron or hole. Due to the fact that Auger recombination is much
faster than the rate of radiative recombination, PL is completely suppressed in charged
NCs. However, based on previous simulations and experiments [4.11, 4.13], it is found
that, with larger size NCs or “softer” confining structure, the Auger recombination rate
can be drastically reduced. As evidenced by the work of Wang et al [4.11] their core
graded shell NCs were proven to be non-blinking in the visible range. Also, it was found
by Yagnaseni et al that their CdSe/CdS core step shell g-NCs were non-blinking at very
large sizes [4.17]. We have found that by combining both ideas, the core graded shell gNCs are capable of achieving the same effects.
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Photobleaching rates of different sizes of nanocrystals
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Figure 4.14: (A) The PL intensity versus exposure time for different size NCs.. The
excitation wavelength is 532 nm at 44kW/cm2. The NC concentration is kept at
approximately 8000 NCs/µm2. (B) Intensity profile of G5-5 g-NCs at different excitation
irradiance with NC coverage of 8000 NCs/µm2 immobilized on glass substrate. (C)
Intensity profile of G5-5 g-NCs at different NC coverage. All of these measurements
were acquired under the ambient environment.

The photobleaching rates of different sizes of NCs are shown in Figure 4.14A.
With the increasing NC size, these graded NCs under constant illumination of a
continuous wave laser (44 kW/cm2) at 532 nm wavelength exhibit rapid reduction in
photobleaching rate. We found that the g-NCs (G5-1, G5-3 and G5-5) are extremely
stable at high power illumination. Consistent with extreme photostability found by
Hollingsworth et al [4.17, 4.18], the thick shell layers prevent photo-oxidation, which is
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one of the main contributors to photobleaching [4.13, 4.14]. The G5-5 g-NCs were also
investigated under different illumination irradiance at 532 nm and multiple NC
concentrations on glass substrates (Figure 4.14B and 4.14C). It is found that, at an NC
concentration of approximately 50NCs/µm2, there is about 20% PL drop at the end of one
hour under an irradiance of 44kW/cm2. However, no signs of PL decay were found at
higher NC concentration.

VIII. Conclusion
In conclusion, we have demonstrated that core graded-shell “giant” NCs have a
robust PL temperature dependence. It is found that the thermal PL stability is
approximately 1.5 to 3 times better than that of any other type of NC (e.g., CdSe core
NCs, 3 shell layers CdSe/CdS NCs, and 10 shell layers CdSe/CdS g-NCs). The peak
wavelength shift and the spectral FWHM were 5-10 times and 2-4 times, respectively,
smaller than their competing counterparts. The temperature insensitive PL properties of
the core graded-shell g-NCs are believed to be related to the minimization of the core
shell lattice tension. However, more systematic studies are needed to understand the
underlying physics of g-NCs. In addition, such g-NCs were also found to be largely nonblinking and extremely photostable under high excitation fluence. Due to the extreme PL
stability of these g-NCs, they could be ideal for use as the active medium for improved
laser devices for visible range telecommunicationsystems [4.2], and possibly as
temperature insensitive bioprobes in bio-imaging applications [4.8].
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APPENDIX A: PROCEDURES FOR AQUEOUS NANOCRYSTALS
A.1. Chemicals for CdTe+MPA nanocrystals
Cadmium nitrate tetrahydrate, purum > 99.0% (Sigma Aldrich, 20911), tellurium
powder, 200 mesh, 99.8% (Sigma Aldrich, 266418), 3-mercaptopropionic acid (MPA) >
99% (Sigma Aldrich, M580-1), sodium borohydride, powder > 98% (Sigma Aldrich
452882), N1-(3-trimethoxysilylpropyl)diethylenetriamine (DETAS) - technical grade
(Sigma Aldrich, 413348), hydrogen peroxide, 50wt% (Sigma Aldrich, 516813), sulfuric
acid, 99.999% (Sigma Aldrich, 339741).

A.2. Synthesis of NaHTe precursor solution
The following procedure was used to synthesize NaHTe precursor solution.
50.8mg of tellurium powder was added to a 100mL three neck flask followed by 37.8mg
of sodium borohydride. The flask was then purged with argon gas for at least 5 minutes.
Subsequently, 10mL of argon saturated distilled (DI) water was injected into the flask via
a 15mL syringe. The 3-neck flask was then immersed in 80oC water bath for at least 30
minutes.

A.3. Synthesis of CdTe+MPA nanocrystals
This method was based on the procedure developed by Zou Lei et al [2.6]. In
short, 40 mL of argon saturated DI water was inserted into a 100mL three-neck flask. It
was followed by insertion of 0.2mmol of Cd2+ precursor solution (previously prepared
by dissolving cadmium nitrate tetrahydrate in DI water). 0.34mmol of 3mercaptopropionic acids was then added into the solution. Subsequently, the pH was
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adjusted to 11.9 by drop-wise addition of NaOH. It is important to check the pH for every
dropwise addition, so as to ensure the pH of the solution is accurate. A recommended
method is to utilize the Hydrion® MicroFine™ pH test paper set (Sigma Aldrich
Z111856) as shown in Figure A.3.1:

Figure A.3.1: Hydrion MicroFine pH test paper set from Sigma Aldrich

Under stirring, 0.02mmol of freshly prepared NaHTe was swiftly injected into the
solution. The temperature was then gradually increased using an oil bath to 1000C. NCs
were grown for 25 minutes. At this point, a total of 0.4mmol of MPA was added
gradually within a period of 5 minutes. CdTe+MPA NCs were then grown for another 5,
10, 20, 30 and 45 minutes before samples were taken. The resulting NCs have their peak
photoluminescence that varies from 520 to 615nm. Shown in the figure below is the
photoluminescence of different NC samples.
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Figure A.3.2: Photoluminescence of different CdTe+MPA NC sizes.

A.4. Sample preparation of CdTe+MPA nanocrystals
VWR vista vision cover slips (0.16-0.19mm thickness) were used as the glass substrate to
attach NCs. These cover slips were first piranha etched (1:3 by volume hydrogen
peroxide to sulfuric acid) for 30 minutes. Coverslips were then immersed in 2% 3aminopropyltriethoxysilane (APTES) solution in ethanol for 1hr at 70oC. A very dilute
NC solution (dilution factor of 1.2x104 in reference to optical density of 0.4 at 473nm)
was later spin coated onto the cover-slip at a speed of 2000rpm for 1.5 minutes (Figure
A.4.1). Cover-slips were subsequently washed with flowing DI water to remove any
excess NCs that were weakly attached through ionic interactions. The remaining NCs that
were attached to APTES via zwitter-ionic bonds were dried on a 500C hot-plate. The
samples were then dried under room temperature for another 24hrs.
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Figure A.4.1: Spin coater (Model WS-650sZ-6NPP/LITE) for making NC thin films

A.5. Fluorescence microscope
All photoluminescence measurements were carried out under a wide field fluorescence
microscope (Zeiss Axio Imager Z2). The NC sample was mounted such that the gas line
was placed within 1 mm above the surface with a fixed flow rate of 5lpm (Figure A.5.1).
The gas line was premixed with proportion of interest using a digital mass flow controller
(Sierra Instrument C101-DD-2, range: 0.2-10sccm) for the oxygen source and a flow
meter (Matheson, range 0.5-25lpm) for the argon source. The photoluminescence of the
NCs was collected by an oil immersion 100X objective lens (NA=1.45) and detected by
an air-cooled EMCCD camera (Photonmax 512B) after passing an emission bandpass
filter at 605±15nm. The exposure time was fixed at 2s. The camera background values
were measured and accounted for in all PL measurements. A mercury arc lamp (HBO
100) was used as the source, and the excitation wavelength was fixed at 405nm. The
maximum irradiance was measured at around 12W/cm2.
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Figure A.5.1: (A) System setup for measuring CdTe NCs PL with gas flow. PL of NCs
was collected from the same reflected path towards the EMCCD. (B) Actual
experimental setup.

A.6. AFM measurement
AFM (Agilent 5500) measurements were conducted on the NC immobilized cover slip
over a 5×5micron2 area or a 10×10micron2 area; tapping mode was used.

A.7. TEM measurement
All NCs were measured using the Hitachi-8100 TEM. The samples were placed on an
ultrathin carbon film on a 400 mesh copper grid (Ted Pella-01822).
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A.8. CdTe+MPA nanocrystal photoluminescence and absorption measurement
The PL spectrum of CdTe+MPA NCs in deionized (DI) water was acquired using
the Quanta Master 40 steady state fluorescence spectrofluorometer from Photon
Technology International (PTI). Excitation wavelength was fixed at 405nm with 500ms
exposure time and 1 nm slit size for both excitation and emission acquisition. A Cary
300 UV-Vis spectrophotometer is used to measure the absorption spectrum.
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APPENDIX B: PREPARATION FOR NANOCRYSTAL THIN FILMS
B.1. Creating micro-droplets on NC-coated substrate
Initially a 50 microliter capillary glass tube (VWR 53508-466) is hung on a
weight and pulled by applying extreme heat in the middle. As a result, we obtain a sharp
tapered glass tube with an inner diameter of ~15 microns. Organic molecule solutions
(volume~1 microliter) enter the tapered glass tube via capillary action. Upon fast
injection perpendicular to the surface of the NC-coated substrate, we are able to create a
random array of micro-droplets, which is subsequently examined under a fluorescence
microscope.

Figure B.1.1: Tapered glass tube after heat treatment.
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APPENDIX C: PROCEDURES FOR CORE/SHELL
NANOCRYSTALS
C.1. Chemicals for CdSe nanocrystals
Cadmium oxide, trace metals basis > 99.99% (Sigma Aldrich 202894), cadmium
acetate dehydrate >98% (Sigma Aldrich 20901), selenium powder (Se), 100 mesh,
99.99% (Sigma Aldrich 229865), sulfur, purum > 99.5% (Sigma Aldrich 84683),
triocytlphosphine (TOP), 97% (Sigma Aldrich 718165), trioctylphosphine oxide (TOPO),
90% (Sigma Aldrich 346187), oleic acid, 90% (Sigma Aldrich 364525), 1-octadecene
(OD) >95% (Sigma Aldrich 74740), tetradecylphosphonic acid (TDPA) > 97% (Sigma
Aldrich 736414), hexadecylamine (HDA) >98% (Sigma Aldrich 445312).

C.2. Synthesis of CdSe core nanocrystals
CdSe core NCs were fabricated based on the procedure proposed by Wang et al
[4.12]. In short, 0.08g of TDPA, 4.00g of TOPO and 2.51g of HDA were added into a
three-neck flask. While heating the solution gradually to 1000C, it was degassed and
purged under argon gas via a Schlenk line for 30 minutes. A 1-mL TOP-Se precursor
solution (previously made by adding 0.158g Se into 2mL TOP under argon) was added
into the mixture and subsequently heated to 2800C under continuous argon flow. As the
temperature stabilizes, 1.5 mL of Cd-TOP precursor solution (previously made by adding
0.08g of CdAc2 into 2 mL of TOP) was swiftly injected into the three-neck flask. The
temperature of the solution should drop 10-150C and the color of the solution changes
from colorless to red. After 1 minute, the flask was removed from the heating source and
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allowed to cool under abundant airflow.

The final CdSe NCs solution has peak

absorption at λabs = 555nm and peak emission at λem = 570nm .

C.3. Synthesis of CdSe/CdSe1-xSx/CdS core graded shell “Giant” nanocrystals
CdSe core NCs were purified by dilution with toluene and precipitation via
centrifugation with methanol. This step is repeated three times before adding into a threeneck flask with 5.24g of TOPO and 3.36g of HDA. In separate flasks, stock solutions
were prepared under continuous purging with argon (0.2M of sulfur dissolved in OD,
0.08 M of selenium dissolved in TOP and 0.2M of cadmium oxide dissolved in oleic
acid). The synthesis of CdSe/CdSe1-xSx/CdS core graded shell NCs follows the SILAR
approach pioneered by Peng et al with some slight modification [4.16] (Figure C.3.1).
The reaction temperature was fixed at 240°C and growth times were 10 minutes for all
anion (S and Se) and cation (Cd) precursors. The amount of precursors needed for each
monolayer of shell was calculated according to the volume increment of each shell
(Figure C.3.2-4). Initially, the Se-rich surfaces of the CdSe cores were passivated by
addition of Cd−oleate equivalent to one monolayer of Cadmium. The reaction is allowed
to progress for 10 minutes, followed by the addition of the anion precursor (mixture of S
and Se as predetermined) constituting the first shell for the core. For the first 6 shells,
CdSe is varied linearly in 6 steps towards CdS, thus completing the fabrication of coregraded CdSe/CdSe1-xSx NCs. In subsequent steps, passivating CdS shells comprising 1, 3,
6, 9, 12, 16 and 20 layers were added to the graded cores, and the resulting NCs were
extracted for characterization.
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Figure C.3.1: (A) Nanocrystal Fabrication flask connected to the Schlenk line and a glascol temperature probe. (B) Schlenk lines in which first line is connected to the water
bubble, three consecutive lines are connected to the cadmium, selenium and sulfur
precursors flask, the fifth line is directly connected to the fabrication flask. (C) Glas-col
DigiTrol II temperature controller for precise control on the operating temperature of the
solution.
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1!
2!

Figure C.3.2: A spreadsheet calculation (CdSeCdS011412_2.xls) is created for
calculating the precursor amount needed for creating successive layers of core shell NCs.
By knowing the absorption spectrum of the core NCs as found from A8, the peak
absorption wavelength and absorption value is computed in 1 and 2. The dilution factor
can also be computed for convenience. The diameter of NCs measured from TEM
acquisition can be computed and the diameter estimate from Yu et al. can be compared.
Molar extinction coefficient is estimated based on two empirical fits as described by Yu
et al and the physical concentration of NCs in (mol/L) can be calculated.
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Figure C.3.3: Following the input of Figure C.3.2, the ensuing parameters are the density,
molecular weight and lattice spacing for each of the shell layers (on left). The volume, #
of moles and # of molecules of each shell layers are also computed (on right).

1!

2!
Figure C.3.4: The amount of CdSe core NCs is inserted at the top row of “Desired
nanocrystal (mol)”. Typically the value is in the range of 10 of nano-moles. And based on
the NC concentration estimated in Figure C.3.2, the resulting # of nanocrystal in mol is
calculated. The text box labeled as “1” shows the summary of the precursor solution
information with the specified concentration. It is highly recommended that the

!

!

108!

concentration of cadmium oxide and sulfur do not go beyond 0.2mol/L due to the limit of
the solubility. The required volume of solvent and weights are computed and highlighted
in yellow. The text box labeled as “2” is the sequence of the required volume needs to be
added at 2400C for fabricating core shell NCs. It is later found experimentally that the
effective volume needed for single shell deposition is double of the amount shown in
yellow.

C.4. Purification of CdSe/CdS nanocrystals
The crude NC solutions were initially diluted in toluene solution. An equivalent
volume of methanol solution was added and centrifuged under 5000rpm for 5 minutes.
The precipitates, which were mainly NC particles, were then re-dissolved in toluene.

Figure C.4.1: The centrifuge system (Eppendorf Centrifuge 5804).
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C.5. Sample preparation of CdSe/CdS nanocrystals
VWR vista vision cover slips (0.16-0.19mm thickness) were used as the glass
substrate to attach NCs. These cover slips were sonicated with acetone, isopropanol, and
distilled water with each step lasting 5 minutes. The cover slips were then oxygen plasma
cleaned for 3 minutes. There were two methods of sample preparation. For the purpose of
observing NC PL under Zeiss microscope, a very dilute NC solution (approximately
5x10-13mol/mL NCs) was spin-coated at 2000rpm for 1 minute. The NC thin films used
for observation under our second (custom-built) fluorescence microscope were prepared
using the method of drop casting. 10µL of 1×10-10mol/mL NCs was dried on a 1×1cm2
VWR coverslip. The concentration of CdSe NCs was based on the empirical fit by Yu et
al [4.17]. However, finding the concentration of core shell NCs is not easy, since
empirical fits for the extinction molar coefficients are not available. An alternative is to
assume that no new CdS NCs were generated during core shell NC fabrication. This
assumption turned out to be reasonable, considering that no evidence of small CdS NCs
was found in our TEM observations of the fabricated core graded-shell NCs. As a result,
we believe that the concentration of our core-shell NCs is approximately equal to the
known amount of core NCs added to the solution in the beginning of the process, divided
by the volume of the final solution.
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Figure C.5.1: Oxygen plasma cleaner for making plasma etched glass substrate.

C.6. Custom-built fluorescence microscope
In order to measure the temperature-dependence of the PL spectra and the
integrated intensity of NC samples, a custom-built fluorescence microscope was
assembeled (Thorlabs model number OTKB) with a cryogenic dewar (HDL-14 from IR
Labs) that controls the temperature of the NC sample holder. Shown in Figure C.6.1C.6.2 is a schematic of the microscope layout. A high power LED (M455L2 from
Thorlabs) was used as an excitation source. It initially passed a diffuser, short pass filter
with a cutoff at 540nm, and a dichroic mirror. The objective lens with NA of 0.6 (40X
magnification) focused the light to a spot size of approximately 250µm in diameter. For
some experiments, a green laser at l=532nm was used as the excitation source and the
spot size was found to be ~2µm in diameter. The sample placed within the cold finger
(HDL-14 from IR labs) emitted PL photons, which were collected in two different paths.
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The transmitted arm channels the PL signal onto a 300ln/mm transmission blazed grating
with a blaze angle of 17.50. The diffracted light is subsequently focused with a doublet
lens onto a CCD camera. The image acquisition system was carefully aligned with the 1st
diffraction order from the grating so as to attain the PL spectrum of the NCs (see section
C.7 for calibration). Simultaneously, the reflected PL light from the NC sample
propagated backward through a long pass emission filter with cutoff at λ=597nm before
arriving at a photomultiplier tube (Thorlabs model PMMA02) for real time PL intensity
measurements. The Labview program utilized to control the operation of fluorescence
microscope is described in Figure C.6.3-C.6.3.
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Helium(Cryostat(

NCs(on(glass(substrate(aﬃxed(to(
cold(ﬁnger(
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Figure C.6.1: (A) Diagram of the custom-built microscope (Thorlabs Model# OTKB).
(B) Actual system setup.
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Figure C.6.2: Turbo pump for siphoning out the air for the helium cryostat. This pump
model from Pfeiffer is capable of reducing the pressure to within 10-6 mbar.

Figure C.6.3: Labview frontview program for controlling the customized microscope
system. There are three required inputs at the top left corner, “wavelength(nm)” which is
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the peak emission wavelength of the NCs, “Applied voltage sample length” is the
sampling length of the control voltage that is supplied to the PMT (see the Thorlabs
PMM02 manual for more information). The “Voltage offset” is the controller for voltage
subtraction. This program reads directly the control voltage that is supplied to the PMT
(“Applied voltage” graph at the top right corner). The real time PMT voltage output was
also shown. The actual voltage to power conversion is simultaneously computed and
presented on the “Power (pW)” graph at the bottom right corner. The value of the
conversion is shown in the “Volts/Watt” text box. The conversion data is found directly
from the PMM02 manual.

Figure C.6.4: Labview program block diagram.
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C.7. Calibration of the transmission grating
Two laser sources at 532nm and 633nm were simultaneously illuminated into the
customized microscope in the presence of sample. The intensity of the source is much
greater than the photoluminescence of the g-NCs. The distance between the two sources
were measured and found to be 2.23mm. This is consistent with the theoretical
expectation. The basic grating equation is expressed as follows:
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"#$% = !"!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(C. 7.1)
where d is the spacing between lines, θ is the diffracted angle (assuming zero angle
incidence), m is the order number of the diffracted light and λ is the wavelength of light.
Based on a measured z distance of 72 mm between the grating and the image
plane, transmission grating with 300 lines/mm (thorlabs model GT 25-03) and diffraction
order m = 1. The calculated diffracted angle, θ, were found to be 0.19 and 0.16 radians
for λ = 633nm and 532nm respectively and the shift in position is 2.25mm which is in
close agreement with the measured distance captured from the CCD camera with laser
source.

!

!

115!

!532!nm!

!633!nm!

Figure C.7.1: The spot position for 532nm laser source (green) and 633nm laser source
(red). They are separated with a distance of 2.23mm.
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