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Abstract 

We report measurements of the excitation energy dependence of the fluorescence inter

mittency of single CdSe/ZnS core/shell nanocrystals (NCs) using two different excitation 

energies. The lower excitation wavelength, 532 nm, corresponds to excitation 270 me V 

above the band gap. The higher energy, 405 nm, corresponds to excitation 1000 me V 

above the band gap. At each excitation energy, 77 individual NCs were measured for 1500 

s. The off-time probability density distribution from each individual NC follows a power 

law with a distribution of slopes that is insensitive to the difference in excitation energy 

studied. The on-time probability density distributions for individual and aggregated data 

follow a truncated power law with slope distributions that are also insensitive to the dif

ference in excitation energy. However, the distribution of truncation times obtained from 

the individual NCs at 405 nm excitation is peaked at a shorter value than the distribution 

obtained with 532 nm excitation. These results suggest that blinking dynamics change for 

excitation far above the 1P3j21Pe state. 
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Chapter 1 

Introduction 

If condensed matter physics has a driving principle, it is this: The better we understand 

what gives a physical system its properties, the more precisely we can control it. In recent 

years, researchers have discovered a regime in which the optical and electronic properties of 

semiconductor crystals are determined not just by their composition, but by their size and 

shape. This gives us an unprecedented opportunity to fine-tune the properties of certain 

devices and observe novel phenomena. The required regime is the nanometer size scale, 

and the objects in question are known as semiconductor nanocrystals (Nes) , or quantum 

dots. 1 

Quantum dots, along with certain proteins, polymers, and molecules, undergo a process 

known as fluorescence. Fluorescence is the phenomena by which a system absorbs light and 

later re-emits at a longer wavelength. During fluorescence, 2 a system absorbs a photon 

and enters an excited electronic state. It later relaxes non-radiatively to its lowest excited 

state. Then, it transitions from the first excited state back to the ground state, emitting 

a photon in the process. Since a portion of the excitation energy was lost to non-radiative 

1 Both semiconductor and metal nanocrystals have been studied. Here, we are concerned exclusively 

with the former. Any place where the terms "nanocrystal" or "quantum dot" occur in this paper should 

be assumed to refer to semiconductors, unless otherwise specified. 

2We will examine this process in greater detail for semiconductors in the next section. 
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processes, the emitted photon is of a lower energy (longer wavelength) than the exciting 

photon. This difference is known as the Stokes shift. 

The energy levels in quantum dots that are relevant to fluorescence are determined by 

an effect called the quantum-size effect or quantum confinement. In quantum confinement, 

an electron "feels" the boundaries of the material it is in. This is in contrast to bulk 

crystals, which can be reasonably approximated as infinitely large unless one is concerned 

with surface effects. Quantum dots are so small that surface properties, such as the size 

and shape of the crystal, need to be taken into account when determining energy level 

structure. Recent advances in NC synthesis has given researchers a great degree of control 

over these features, particularly size, making the controlled study of these unique structures 

possible. 

This greater degree of control in synthesis also brings with it the promise of new NC

based technologies. Many ofthese applications, including single-photon sources and biologi

cal fluorescent markers, rely on the use of single NCs. However , single-molecule fluorescence 

spectroscopy has revealed an inhomogeneity in NC fluorescence, know as fluorescence inter

mittency. Under steady excitation , NCs do not fluoresce continuously but instead exhibit 

"on/off" blinking behavior. This behavior is clearly an obstacle to single-dot applications. 

In addition, it is not well understood on theoretical grounds. Hence, there has been a great 

deal of study into fluorescence intermittency in recent years. [1] 

Here, we are concerned with the dependence of fluorescence intermittency on the energy 

of the exciting radiation. Though only a minimum energy threshold (known as the band 

gap) must be surpassed in order for fluorescence to occur, past studies suggest that excess 

energy may give electrons access to energy regimes that alter fluorescence dynamics. It is 

this possibility that we investigate here. We turn first to a more detailed introduction. 
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1.1 The Colloidal Quantum Dot 

The quantum dots that we study here are created by colloidal chemical synthesis. A 

colloidal system is one in which particles remain dispersed in a medium, rather than dis

solving or settling out . Chemical colloidal synthesis is characterized by low-energy input, 

in contrast to a high-energy input process such as molecular-beam-epitaxy [2]. Colloidally 

synthesized quantum dots are freestanding, whereas epitaxial quantum dots are bound to 

a substrate. 

A typical colloidally synthesized quantum dot (Fig. 1.1) is spherical in shape, less than 

10 nm in diameter, and composed of somewhere between ",100 and ",1000 atoms [2]. As 

the electronic and optical properties of NCs are highly size-dependent, size control and 

mono dispersion were major concerns in early NC synthesis. Current methods in colloidal 

synthesis of II-VI compounds can reliably prepare samples from 1.2 to 11.5 nm in diame

ter with a size dispersion of less than 5% [2]. This control and reliability, combined with 

advances in microscropy (described in Chapter 4), have paved the way for detailed investi

gations in the fluorescent properties ofNCs. The II-VI compound cadmium selenide (CdSe) 

has become the cornerstone of NC research due to the early ease of high-quality sample 

preparation. The dots that we study here consist of a spherical core of CdSe and a thin 

shell of zinc sulfide (ZnS). The addition of a shell increases the confinement of electrons to 

the NC core, improving photoluminescence (PL) efficiency. The shell is coated with a layer 

of ligands, which passivates the surface and prevents aggregation. The type of ligand used 

determines the effective chemical properties of the dot , such as solubility and reactivity. 

The remarkable photophysical properties of quantum dots are due to quantum con

finement. Though this effect will be treated in more detail in Chapter 2, for now we can 

illustrate it through an example from elementary quantum mechanics: the particle in an 

infinite potential well. The infinite potential well in one-dimension is given by [3] 
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Figure 1.1: A core/shell CdSe/ZnS NC. 

V(x) = J +: 
1 +00 

x<o 

(1.1 ) 

x>a 

A particle in such a potential has access to energy states given by 

(1.2) 

where n is any non-zero positive integer. What is notable in Eq. 1.2 is that the distribution 

of available energy states is determined entirely by the size of the well. This idealized system 

is one of the first treated in every textbook on quantum mechanics for the reason that it 

has an exact solution. Despite its idealized simplicity, the three-dimensional spherical case 

of the potential in Eq. 1.1 (known as the particle-in-a-sphere) provides an excellent first 

approximation to the modification of a quantum dot's band structure due to quantum 

confinement [4]. This modification occurs near the band gap, and thus alters the energy 

difference that determines the wavelength of light emitted from the dot during fluorescence. 

Hence, the wavelength of light emitted by a quantum dot can be tuned by adjusting its 

size. 
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1.2 Emission and Absorption Spectra 

Many of the desirable optical properties of quantum dots can be seen in the emission 

and absorption spectra of bulk NC samples. Such a sample consists of a dense solution 

of many NCs. Emission spectra from bulk solutions of commercially available CdSejZnS 

NCs are shown for a range of sizes in Fig. 1.2a. In addition to a size-dependent emission 

wavelength, quantum dots possess a number of other optical properties that make them 

appealing alternatives to commonly used fluorescent dyes [5]. The emission spectra of 

quantum dots are twice as narrow as that of typical fluorophores. Most fluorophores have 

a long-wavelength tail, which makes it difficult to use multiple fluophores simultaneously for 

imaging or measurements. The emission spectra of quantum dots, however, are symmetrical 

about their sharp peaks. 

CdSe/InS Core-Shell EviDot Emission Spectra 

o. 

02 

~ ~ ~ ~ ~ ~ ~ ~ ~ 

Wmlenglh (nm) 

(a) 

CdSeilnS Gore-Shell EviDot Absorption Spectra 

05 

OL-________ ~~ __ ~ __ 

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 

Wavelength (nm) 

(b) 

Figure 1.2: (a) Emission spectra for different sizes of commercially available CdSe/ZnS quantum 

dots. (b) Absorption spectra for the same. Note that absorption occurs for all wave

lengths shorter than an onset. [Figures from the website of Evident Technologies, 

www.evidenttech.com.] 
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Since quantum dots are composed of semiconducting material, they absorb all wave

lengths of light above a certain onset. 3 This allows for many sizes of NCs to be excited 

with a single source. In this way, emitters of multiple wavelengths can be imaged simulta

neously. Sample absorption spectra for solutions of CdSe/ZnS NCs are show in Fig. 1.2b. 

These unique properties give quantum dots the potential to be effective tools in fields like 

molecular biology. 

1.3 Dynamical Inhomogeneities 

1.3.1 Fluorescence Intermittency 

There is, however, at least one obstacle to single-dot applications like fluorescent tagging. 

Recent advances in single-molecule spectroscopy [6] allows the light emission from single 

NCs to be resolved. These methods have revealed that individual quantum dots do not 

fluoresce continuously under steady excitation, but instead display periods of continuous 

emission (called bright states) interspersed with periods of no emission (dark states) [7] . 

This phenomena is known as fluorescence intermittency, colloquially called blinking, and a 

great deal of research has gone into understanding it over the last decade. All known types 

of fluorophores exhibit blinking, but no physical picture has yet emerged that is completely 

consistent with the observed behavior [1]. Hence, fluorescence intermittency is of interest 

both from an application-driven and basic research standpoint. 

The most intriguing aspect of blinking is the dynamical range of the timescales involved. 

The quantum mechanical processes governing optical behavior, such as the lifetime of an 

excited electron state, occur on the timescale of tens of nanoseconds. In contrast, the 

observed duration Toff of a NC's dark state, known as the "off-time," varies over five 

decades in time [7]. The dark state can last for seconds, virtually forever on a quantum 

mechanical timescale. The probability density distribution P( Toff) for a dark state with 

3For more details, see Sections 2.4 and 2.6. 
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a given duration to occur has an even larger dynamical range, covering nine decades in 

probability density. The plot of P( TOff) has been shown to follow a power law of the form 

(1.3) 

where moff is the magnitude of the distribution's slope when viewed on a log-log plot 

(Fig 1.4) 4. Power laws appear in a diverse range of phenomena, including self-organized 

criticality, and are notable for their scale-invariance. 

Similar analysis for the distribution of durations Ton for the bright state (called the "on

time"), during which the quantum dot absorbs and emits light normally, reveals a similar 

dynamic range . However, the probability distribution for on-times deviates notably from a 

4The work reported in this thesis is also being reported in "Excitation energy dependence of fluorescence 

intermittency in CdSe/ZnS core-shell nanocrystals," by Crouch et al. [8], which has been submitted to the 

Journal of Physical Chemistry C . Figures 1.4,4.1, and 5.5 are included in that paper . 
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F igure 1.3: Light emission intensity versus time measured from a single CdSe/ZnS NC. The solid 

black lines demarcates a threshold (explained in greater detail in Section 4.6) between 

significant light emission and no light emission. As can be seen, the duration of periods 

falling above and below this threshold is highly variable. 
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power law at long times [9]. To account for this bending, the plot must be fit to a truncated 

power law of the form [10] 

(1.4) 

where the parameter Te , called the truncation time, is the characteristic time for deviation 

from the pure power law (Fig. 1.4). In Eq 1.4, the parameter man is the slope on a log-log 

plot for the short-time, high-probability part of the distribution. 
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Figure 1.4: (Left) A power law fit to the probability density distribution of off-times from a single 

CdSe/ZnS NC under 532 nm excitation. (Right) A truncated power law fit to the 

probability distribution of on-times from the same NC. 

1.3.2 Spectral Diffusion 

One phenomenon closely linked to blinking that must be taken into account is spectral 

diffusion. Spectral diffusion is a phenomena in which the energy level of a system fluctuates 

in energy space. In quantum dots, this fluctuation is thought to occur due to interactions of 

the Nes and a fluctuating environment [11] . Spectral diffusion is correlated with blinking 
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events. Specifically, blink-on events are accompanied by a shift in emission energy relative 

to the last on event. A number of theoretical models have taken spectral diffusion into 

account when describing mechanisms responsible for blinking and attempting to predict 

the distribution of maJf , man, and Tc [1]. We shall have more to say about these spectral 

diffusion models in the next section. 

1.4 Theories and Present Motivation 

The large dynamic range of these distributions, the truncating of the on-time distribution, 

and a number of other experimental results [1] have made a clear model of blinking be

havior elusive. In nearly all models, it is thought that a NC enters the dark state upon 

ejection of a charge carrier from the NC core [12]. Though original models proposed only 

a single trap state [13](Fig. 1.5) , it has been found that a distribution of trap states is 

needed to produce power law statistics. The distribution of trap states in the energy level 

structure of the quantum dot is thus of interest. There is experimental evidence, due to 

Hoheisel et al. [14] and Knappenberger et al. [15], that certain sets of trap states become 

energetically accessible above certain thresholds. This leads to an observable change in 

blinking dynamics. We these models further in Chapter 3. In order to explore the energy 

level structure of the quantum dot , it is necessary to excite the dot's charge carriers to 

different energy regimes. While this was done by both Knappenberger and Hoheisel, there 

is high energy regime, corresponding to '" 1000 me V above the band gap, which was not 

thoroughly explored. It is this regime that we investigate here. 

In this thesis, we report and discuss fluorescence intermittency data collected from 

spherical core/shell CdSe/ZnS NCs under two excitation wavelengths: 532 nm (green) and 

405 nm (violet). In Chapter 2, we develop the basic theory behind the optical properties 

of quantum dots, beginning from introductory solid-state physics. In Chapter 3, we re

view several models proposed to explain fluorescence intermittency. In the Chapter 4, we 

describe in detail the sample preparation, data collection, and data processing methods 
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trap state 

1 st excited state 

ground state 

Figure 1.5: The simplest trap model, consisting of transitions to only one discrete trap state. 

Normal emission due to transitions from the first excited state is interrupted when 

charge carrier enters a long lived trap state. Current theories posit the existence of a 

distribution of traps. 

used. In the Chapter 5, we report and discuss individual and aggregated blinking statistics 

obtained as a result of our measurements. In Chapter 6, we review our results and make 

suggestions for future study. 
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Chapter 2 

Energy Level Structure of Bulk 

Crystals and Quantum Dots 

2.1 Introduction 

Our goal in this section is to describe the energy levels of an electron in a quantum dot. 

Such a description is necessary in order to understand current theories addressing fluores

cence intermittency, as well as to interpret our experimental results. We shall begin with a 

quantum-mechanical treatment of electrons in bulk crystals. 1 Next, we give a brief descrip

tion of semiconductors, with special attention to optical processes. Having established the 

standard Hamiltonians for bulk material, we will examine how these Hamiltonians must be 

modified in the case of nanometer-scale crystals. In transitioning from bulk to nanoscale 

crystals, we shall see how size dependence enters explicitly into the Hamiltonian. 

IThis section assumes that the reader has a firm grounding in elementary quantum mechanics, but not 

solid state physics. If the reader has had a course in solid state physics, then everything up to the discussion 

of quantum confinement should be review. 
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2.2 Crystal Structure 

Crystals are solids characterized by the periodic arrangement of their atoms. [16]. The 

symmetry properties of a given periodic arrangement determines the electron wavefunctions 

in that arrangement, as we shall see shortly. Formally, a crystal can be described as a set 

of identical physical units (atoms, groups of atoms, compounds, etc.) located at the points 

of regular lattice. The lattice is written as the set of all vectors satisfying [16] 

(2.1) 

where ni are integers and the set of vectors ai, called primitive vectors, are any set of 

vectors that are not all coplanar. In many cases, the lattice is idealized as being infinite 

in extent. It is clear that in such a crystal all lattice sites given by Eq. 2.1 are equivalent. 

This idealization is valid so long as the vast majority of lattice sites are far from the surface 

of the crystal. This assumption breaks down for nanometer-scale structures, and we shall 

investigate the consequences of this breakdown shortly. For now, we consider only crystals 

that are so large that they may be approximated as infinite, so that the ni indexes may 

assume any integer values. 

In addition to the position-space description of a crystal provided by Eq. 2.1, it is useful 

to describe a crystal in wave vector space (k-space) as well. One motivation for this, as we 

shall see shortly, is that electron eigenfunctions in crystals are plane waves characterized 

by a wave vector k. Hence, a k-space description is needed in order to discuss the behavior 

of such eigenfunctions. This description, called the reciprocal lattice, is the set of all wave 

vectors K that yield plane waves with the same periodicity as the lattice. [16] Such plane 

waves are the same after being translated by any value of R. Formally, 

(2.2) 

where r is any position vector. The reciprocal lattice K can be written in terms of its 
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own set of primitive vectors bi , similar to Eq. 2.1 for the original lattice (called the direct 

lattice) : 

(2.3) 

The reciprocal lattice primitive vectors b i can be constructed explicitly from a given set 

of direct lattice primitive vectors ai. The construction is straightfoward but necessary for 

our purposes, so we omit. Here, we need only understand that crystals have both r-space 

and k-space descriptions, both of which are determined by the physical structure of the 

crystal. 

2.2.1 Electrons in Bulk Crystals 

Despite their high degree of order, crystals are complex many-body systems, and several 

approximations are needed to make solving the Schrodinger equation for such systems 

tractable. Here, we will walk through the approximations needed to solve the periodic 

potential in one dimension. 

Most electrons are tightly bound to their nuclei and do not contribute to a solid's 

electronic and thermal properties. These are called valence electrons. It is reasonable to 

treat an atom's valence electrons and nucleus as a single particle, an ion. We are then 

concerned only with ions and conduction electrons2 (hereafter electrons), which are those 

electrons that are relatively free to move about the solid, transporting energy, momentum, 

charge, etc . We can write the Hamiltonian for a system of electrons and ions, which consists 

of the kinetic and potential energies for each electron and each ions [17]: 

2We shall have more to say about the distinction between valence and conduction electrons in semicon

ductors in the next section. 
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Here, m is the electron mass, M is the ion mass, re is the electron position, and ri is 

the ion position. 3 The i sums are over all electrons and the a sums are over all ions. The 

terms from left to right are: the electron kinetic energy, the ion kinetic energy, the potential 

energy of electron-electron interactions, the potential energy of electron-ion interactions, 

and the potential energy of ion-ion interactions. Eq. 2.4 is formidable to evaluate, especially 

when we consider that the number of electrons and ions in a bulk solid is on the order of 

1023 . It is therefore necessary to make several approximations in order to progress. 

The ions are much more massive than the electrons (m « M) and can thus be treated 

as stationary compared with the electrons. This is referred to as either the adiabatic 

approximation or the Born-Oppenheimer approximation [17], and it allows us to consider 

the electron and ion systems seperately. For the electron system, the ion kinetic energy 

and ion-ion interaction terms in Eq. 2.4 can be ignored. Thus we are left with: 

!t2 
H = - L 2m \7; + L U1(ri - rej) + L U2(re i - ria) 

. i~j i~ 

(2.5) 

Our next approximation is perhaps the most drastic. Solving Eq. 2.5 is a many-body 

problem, but we shall assume that it can be reduced to a single electron interacting with 

a single potential V (r). We do this by assuming that most of the effects of other particles 

on a single electron can be contained in V (r). This is known as the independent electron 

approximation [16] , and it reduces our Hamiltonian to 

!t2 
H = __ \72 + V(r) 

2m 
(2.6) 

We are now left to choose V (r) and solve the Schrodinger equation. Even with all of the 

approximations we have made, this is still a very involved process in general. Physicists are 

aided in this endevour by the tools of group theory and representation theory, which allow 

3Note that since a single ion is not in general the basis of a crystal, rj =I R in general. Even in a 

monoatomic crystal, the basis repeated at each lattice point may consist of a particular arrangement of two 

or more ions. 
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analysis of crystal symmetry. Here, we will restrict ourself to an infinite one-dimensional 

crystal in order to obtain important qualitative results. 

Consider a crystal composed of units separated by a distance a, so that its lattice 

vectors are R = nax for integer n. Since we also take our crystal to be infinitely long, 

it displays periodic translational symmetry. It is reasonable to assume that the potential 

created by the crystal will display the same translational symmetry [16]: 

V(x + a) = V(x) 

Our Schrodinger equation is thus 

( 
/'i2 d2 ) 

----2 + V(x) w(x) = EW(x) 
2mdx 

(2.7) 

(2.8) 

together with the condition imposed by Eq. 2.7. Here, E is the energy eigenvalue of H. 

There is an important result known as Bloch's theorem that specifies the form of solutions 

to Eq. 2.8 [16]. We omit the proof here, which uses only elementary quantum mechanics 

and considerations of the periodic translational symmetry of Eq. 2.7. Bloch's theorem 

states that the eigenfunctions of Eq. 2.8 are of the form [16]: 

(2.9) 

where Unk(X) displays the same periodicity as V(x) , that is 

(2.10) 

The variable n, known as the band index, is needed because a solution to Eq. 2.8 is not 

uniquely determined by k. Rather, for a fixed value of k, Eq. 2.8 has an infinite number 

of solutions with discretely spaced eigenvalues. To better understand this, the reader 

should recall that in the "particle-in-a-box" problem discussed in the introduction, an 

infinite number of discretely spaced eigenvalues existed for a fixed box length. Similar 

considerations apply here. In addition, k varies continuously for fixed n. 
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The solution described by Eq. 2.9 is a plane wave with a magnitude that varies with 

the same periodicity as the crystal lattice. Since any linear combination of solutions to the 

Schrodinger equation is itself a solution, the solutions to Eq. 2.9 will in general be linear 

combinations of such plane waves: 

L CnkUnk(x)eikx 
k 

where Cnk are expansion coefficients. 

(2.11) 

We can take our analysis one step further by defining a simple function for V(x). 4 

Let us view the potential V(x) as the superposition of infinitely many tunnel barriers v(x) 

situated at each lattice point and having width a: 

00 

V(x) = L v(x - na) (2.12) 
n=-oo 

Inserting Eq. 2.12 into Eq. 2.8 and applying boundary conditions on ¢(x) with Bloch's 

theorem yields a transcendental equation in k and K [16]: 5 

cos(Ka + <5) _ (k) 
It I - cos a (2.13) 

where <5 is an arbitrary phase shift and t is the probability of transmission through any 

tunnel barrier. The corresponding electron energies are given by 

(2.14) 

For a given value of k, Eq. 2.13 only has solutions for certain values of K , since the 

magnitude right-hand side of the equation cannot exceed 1. A plot of Eq. 2.14 is shown in 

Fig. 2.1. The unshaded regions in which solutions are allowed are called bands. The shaded 

regions in which solutions are not allowed are called band gaps. More complicated functions 

4Here, we follow Problem 1 in Chapter 8 of Solid State Physics by Ashcroft and Mermin [16] . 

5Here, K is a one-dimensional case of the reciprocal lattice vectors K . 
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of V(x) yield more complicated band structures. The band structure of a solid is crucial in 

describing it properties. For example, band structure clearly distinguishes insulators from 

metals, and provides a reasonable criteria for distinguishing both from semiconductors. It 

is to semiconductors in particular that we now turn. 

K 
o r---~r---~~~----------~---7~--~r-+-----+-----~~----r-----++----+ 

-1, f--------='---------------"c-----------1'-------------''-----------'----------------->~--____,~---

Figure 2.1: A simple one-dimensional band structure. Shaded regions are forbidden values of K. 

(After Fig. 8.6 in Ashcroft and Mermin [16].) 

2.3 Semiconductors 

Semiconductors are best characterized by describing their band structure. A semiconductor 

has two important bands (Fig. 2.2a), the valence band and the conduction band. The two 

bands are seperated by an energy gap Eg , which is different for every material. Materials 

for which Eg is less than 2 eV are considered semiconductors [16]. Electrons in the valence 

band (valence electrons) were considered as part of the ions in Eq. 2.4. Electrons in the 

conduction band have more energy and can move about the semiconductor more freely.6 

6The extent to which one considers these electrons to be free determines what methods are used for 

solving Eq. 2.6. See Ref. [16]. 
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As their name implies, conduction electrons are responsible for the conduction of electricity 

and heat in a semiconductor. 

Conduction 

band 

Valence k 

Valence, Band 

(a) (b) 

Figure 2.2: (a) A schematic illustration of the semiconductor band structure (After Fig. 1 in 

Hollingsworth and Klimov [2]. (b) The band structure of a direct-gap semiconductor 

approximated by a parabola near k = O. (Adapted from Fig. 1 in Norris [4].) 

At absolute zero temperature (T = 0), all electrons in a semiconductor are in the 

valence band. Thus, the semiconductor cannot conduct and acts as an insulator. As T 

increases, some electrons gain enough thermal energy to be excited into the conduction 

band. The number of electrons thus excited at a given temperature is on the order of 

e-Eg/2kBT [16] . At room temperature, the resistivity of semiconductors range between 

10- 3 and 109 ohm-cm [16], again depending on the material. 
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The conduction and valence bands are each expressed mathematically as a dispersion 

curve E (k ). The exact shapes of these dispersion curves are complicated, however here we 

are only concerned with the curve in the vicinity of k = O. In a direct-gap semiconductor 

such as CdSe, both bands are at an extremum here, the valence band being at a minimum 

and the conduction band being at a maximum [4]. The bands can be approximated about 

k = 0 as roughly parabolic (Fig. 2.2b), with dispersion curves given by [4]: 

(2.15) 

E (k) = ti2k2 

v 2 * mv 
(2.16) 

Here we have used the effective mass approximation. Instead of considering an electron 

interacting with complicated potential as in Eq. 2.6, we treat the electron as a free particle 

of a different mass. Note that there are two effective masses, one for the conduction band 

and one for the valence band. In general, these bands are not as similar to each other as 

those shown in Fig. 2.2b because they can be determined by different atomic orbitals. 7 

We now consider what happens when an incident photon interacts with an electron near 

the top of the valence band (Fig. 2.3). If such a photon has energy at least equal to the 

band gap energy (Eph ;:: Eg), a valence electron is excited to the bottom of the conduction 

band (Fig. 2.3a). Note that this is a minimum energy condition on the photon, so that 

absorption will also occur at wavelengths corresponding to greater energy (Fig. 1.2b). 

The valence band now contains a net positive charge. We could describe a charged 

valence band by tracking the motion of all the remaining electrons, but this would be 

cumbersome. Instead, we can track the motion of the single hole left behind by the excited 

electron [18]. This is analogous to following the motion of a bubble through a fluid instead 

of tracking the motion of all the fluid molecules. The hole can be treated as a particle with 

an effective mass m'h and positive charge +e. The energy Eh(kh) for a hole is opposite 

7See Section 2.6. 
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Figure 2.3: (a) A photon of energy Eph 2 Eg is absorbed and excites and electron from the valence 

band to the conduction band. A positvely-charged hole is left behind in the conduction 

band. (b) The excited electron relaxes back to the valence band and recombines with 

its hole, emitting a photon of energy Eph = Eg in the process. (Adapted from Fig. 1 

in Norris [4].) 

that of an electron. Thus, the hole naturally rises to the top of the valence band, while the 

excited electron falls to the bottom of the conduction band. 

The electron-hole pair, called an exciton, is bound by Coulomb attraction in much the 

same way that a hydrogen atom is. The Hamiltonian of the exciton is [17]: 

n2 n2 e2 
H = ___ \7 2 - __ \72 - --

2m~ 2mh 47TEOr 
(2.17) 

The excited electron loses energy through non-radiative processes until it reaches the 
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bottom of the conduction band. It then undergoes a radiative de-excitation process, emit

ting a photon of energy Eg (Fig. 2.3b). The exciton is said to recombine. Note that, no 

matter the excitation energy of the incident photon Eph, the energy of the subsequently 

emitted photon is always Eg . Hence the emission wavelength of a semiconductor is deter

mined entirely by Eg , which in turn is determined by the composition of the material. 

It should be noted that a semiconductor does not always need to emit a photon in order 

to lower the energy level of its electrons. Energy can be lost in other ways, such as by 

exciting the crystal lattice itself to higher vibrational state. It is through such non-radiative 

pathways that an electron relaxes to the bottom of the conduction band without emission. 

It is also possible for an electron to de-excite from the conduction band to the valence band 

through non-radiative processes. On such process is called Auger recombination. When 

a carrier is de-excited through an Auger process, excess energy is transferred to a second 

charge carrier as kinetic energy. [19] This particular process will playa key role in an 

explanation of fluorescence intermittency in the next section. In general, it is important to 

proposed explanations fluorescence intermittency if and under what conditions electrons 

have access to non-radiative pathways. 

2.4 Quantum Confinement 

When a crystal becomes small enough, the motion of its electrons and holes are significantly 

restricted by the boundaries of the crystal. In this case, the size, shape, and surface 

properties of the crystal modify the energy states available to excitons. The notion of 

"small enough" is made more precise by introducing confinement regimes defined relative 

to the natural length scale of the particles in question [4]. The natural length scale of a 

particle is its Bohr radius, defined by 

me 
aB = E- aO 

m* 
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where E is the dielectric constant of the material, m * is the mass of the particle, and ao is the 

Bohr radius of hydrogen. Three Bohr radii are relevant to the nanocrystal: the electron's 

ae , the hole's ah, and the exciton's aexc . When the nanocrystal radius a is smaller than 

all three of these radii (a < ae , ah , aexc ) the strong confinement regime applies [4] . In this 

regime both the hole and the electron are strongly confined by the nanocrystal. For CdSe, 

aexc is 6 nm [4]. Since the nanocrystals we investigate had a diameter of 5 nm, the strong 

confiment regime applies. 

We now set out to calculate energies for an exciton in the strong confinement regime. 

We are first interested in how much of our work from the previous sections involving bulk 

semiconducting crystals still applies. It turns out that all of our work through Eq. 2.11 

holds so long as the nanocrystal diameter is much larger than the lattice constant of the 

material [4]. We generalize Eq. 2.11 to three dimensions for clarity: 

w(r) = L Cnkunk(r)eik-r 
k 

(2.19) 

Now, if we assume that Unk is only weakly dependent on k, it can be taken out of the sum: 

w(r) = uno(r) L Cnkeik-r 
k 

w(r) = uno(r)f(r) 

(2.20) 

(2.21) 

where f(r) is called the envelope function. Applying the tight-binding approximation the 

function uno(r) can be written as a sum of atomic wave functions rPn [4] 

(2.22) 

Now we are left to determine the envelope function f(r). For a spherical nanocrystal, if 

we approximate the potential barrier at the surface as infinitely high, the envelope function 

can be calculated with the particle-in-a-sphere model [4]. According to this model, the 

exciton is in a potential well given by 
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V(r)~ { : 
r<a 

(2.23) 
r2::a 

where a is the radius of the quantum dot. Solutions to Schrodinger's equation for this 

potential are given by 

(2.24) 

where C is a normalization constant, llm (B ,cp) is a spherical harmonic, jl(kn1r) is the lth 

order Bessel function, and 

k _ anI 
nl-

a 
(2.25) 

where anI is the nth zero of jl' The energy of a particle in the spherical well is given by 

~2 2 
E -~ 

nl - 2ma2 (2.26) 

Now we are finally in a position to examine the energy level structure of a quantum 

dot. Adding the potential in Eq. 2.23 to the Hamiltonian in Eq. 2.17 gives us the full 

Hamiltonian for an exciton in a quantum dot, given all our approximations [17]: 

!t2 !t2 e2 
H = __ \72 - _\72 - -- + V(r) (2.27) 

2m~ 2m'h 41fEor 

As previously noted, in the strong confinement regime the nanocrystal radius a is much 

smaller the Bohr radius of the exciton aexc . The size of the nanocrystal is thus the limiting 

factor in the spacing of the electron and hole, so we can replace r with a in Eq. 2.17. Since 

the confinement energy scales as 1/a2 while the Coulomb interaction scales as l/a, we 

can neglect the Coulomb term at first and treat the electron and hole as non-interacting 

particles. Our Hamiltonian is thus 

(2.28) 
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with V(r) given by Eq. 2.23 . The resultant energies of the electron-hole pair (ehp) are [4] 

(2.29) 

where the Coulomb energy Ec has been added back in as a first-order correction. Note 

radial quantum numbers nh and ne and the angular momenta Lh and Le are used to label 

the state, similar to the atomic case. These discrete energy levels are shown in Fig. 2.4. 

We see from Eq. 2.29 confinement creates a size-dependent correction to the the bulk 

band gap. This is the quantum-size effect. By altering the size a of the nanocrystal, the 

energy levels near the band gap can be changed, with smaller values of a corresponding 

to larger energy gaps . As we saw in the previous section, it is the energy levels near the 

band gap that determine the optical properties of a semiconductor structure. The optical 

properties of semiconductor nanocrystals are thus size-dependent. 
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Figure 2.4: Discrete energy levels labeled by the four quantum numbers ne , nh, Le , and Lh occur 

near the band gap. (After Fig. 1 in Hollingsworth and Klimov [2] .) 
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2.5 The Realities of Cadmium Selenide 

The energy level structure for nanocrystals that we have just described is quite general. Up 

to this point, no reference was made to the composition or structure of a particular crystal. 

A mathematical description of the full band structure of CdSe is far beyond the constraints 

and requirements of this thesis. However, we will take time now to briefly outline what 

would be required for a more complete description. Doing so will help the reader locate 

our current results on the spectrum from idealization to reality. 
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Fig ure 2.5: Splitting of valence band degeneracies produces a quasicontinuum of hole states. (Af-

ter Fig. 7 in Klimov [20]. ) 

In CdSe, the valence band pictured in Fig. 2.4 arises from Se 4p orbitals. 8 [4] In order 

8The conduction band arises from Cd 5s orbitals and is twofold degenerate at k = 0 [4]. 
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to describe the hole states that arise from the valence band, it is necessary to introduce the 

quantum number F , the total hole angular momentum [20]. So, for example, the lowest

energy hole state is 183/ 2 , making the lowest-energy solution to Eq. 2.29 the 18e183/ 2 . 

However, each hole state is sixfold degenerate at k = 0, including spin. These states, 

however, are split into a dense distribution of states by factors such as large effective hole 

masses and fine-structure splitting [20]. The resulting distribution is an example of a 

quasicontinuum (Fig. 2.5). In a quasicontinuum, the spacing between energy levels is less 

than the width of thermal broadening. Hence, charge carriers can transitions between these 

levels with emitting or absorbing radiation. We will see other instances of quasicontinuums 

in the theories proposed to explain fluorescence intermittency. 

Fig. 2.4 also demonstrates the Stokes shift in the CdSe quantum dot. The 183/ 2 hole 

states split into two groups of levels. The higher energy (lower in the diagram) manifold 

is strongly coupled to the 18e states and results in the lowest absorption maximum [20]. 

The lower energy manifold is more weakly coupled to the 18e state and results in the 

photoluminescence emission peak. Hence, the emission peak occurs at a longer wavelength 

than the absorption peak. 
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Chapter 3 

Theories of Fluorescence 

Intermittency 

3.1 Introduction 

In the previous section, we arrived at a general description of NC energy level structure, 

finding that it could be described using quantum numbers similar to those labeling atomic 

energy levels. We now turn to the literature in order to review current theories proposed to 

explain fluorescence intermittency in quantum dots. We shall see that the precise energy 

level structure of NCs is crucial to some of these theories. In addition, excitation energy de

pendence of certain fluorescence dynamics have already been observed. This suggests that 

blinking dynamics may also display excitation energy dependence, which is the connection 

we investigate in this thesis. 

The fluorescence intensity versus time trace for a single quantum dot under continuous 

excitation displays telegraph-like on-and-off behavior [13] (Fig. 3.1). The duration of time 

that the NC spends off, To!!, does not display a characteristic timescale. Rather, if one 

creates a normalized probability density distribution P( To!!) for the off-times, lone finds 

IThe details of to generate this distribution can be found in Section 4.6. 
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that it follows a power-law distribution of the form [7]: 

(3.1) 

where the exponent moJf has been found to range from 1.2 to 2.0 [1]. The power law 

appears as a straight line with slope of magnitude mo!! on a log-log plot [21]. It can be 

seen in Fig. 1.4 that the power law is scale-invariant over several orders of magnitude. The 

distribution in Eq. 3.1 has been found to hold over more than seven decades in probability 

densities and five decades in time [7]. The probability distribution of on-times P( Ton) 

deviates from a power law at for long (low probability) events. [9]. This distribution can 

be fitted to a truncated power law: [10] 

(3.2) 

where Tc is the characteristic time for deviation from the power law, referred to as the 

truncation time. 
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F igure 3. 1: Light emission intensity versus time measured from a single CdSe/ZnS NC. (As 

Fig. 1.3) 
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3.2 Trap Models 

A number of models have been advanced in an attempt to produce Eq. 3.1 and Eq. 3.2, in 

addition to explaining other features of blinking not discussed here [1]. The first influential 

theory was the one developed by Efros and Rosen [13]. In their model , either the electron 

or hole of an exciton can become trapped in the surrounding environment upon ionization. 

The trapping of this charge carrier initiates the off period, as the exciton cannot recombine. 

The excitation of a second exciton will not lead to emission either, as this exciton will relax 

non-radiatively through an Auger recombination. Hence, the charged quantum dot core will 

not emit. After some amount of time (Toff) the trapped charge carrier returns thermally 

to the core, restoring electrical neutrality and normal light emission. 

The model proposed by Efros and Rosen was successful in producing telegraph be

havior in numerical simulations, however it predicted an exponential distribution of off

and on- times, rather than the power law and truncated power law distributions that are 

observed. A number of modifications to this basic theory have been proposed in an effort 

to explain the observed distributions of Eqs. 3.1 and 3.2 [1]. One such model, put forth 

by Kuno et al. [7], involves fluctuating tunnel barriers. It has been noted that a lack of 

temperature dependence on blinking statistics is indicative of a tunneling process in which 

the carriers tunnel from the CdSe core into trap states in the ZnS shell [7] . Early tunneling 

models involving static tunnel barriers correctly predicted a power law for P( Toll) but an 

exponential for P( Ton). Noting that the large dynamic range of blinking statistics could be 

accounted for by a non-static environment , Kuno and colleagues suggest a model in which 

the width and height of the tunnel barrier can fluctuate. 

3.3 Spectral Diffusion Theories 

Another class of models are known as spectral diffusion models. Spectral diffusion is a 

phenomena in which the energy levels of a system fluctuate in energy space. In a quantum 
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dot, these fluctuations are due to the interactions of the quantum dot with a fluctuating 

environment [22] . The diffusion of the dark-trap state through energy space is based on 

a random walk, first passage time model [11]. In this model, the walker begins at a zero 

point (in this case, the resonant energy level) and walks randomly in unit steps until it 

returns to the starting point [21]. Calculation of the walking times naturally yields a power 

law distribution with an exponent of m = 1.5 [21]. Applied to the CdSe/ZnS quantum dot 

system, it produces power laws for both off- and on-times [11]. 

The spectral diffusion theory was developed further by Tang and Marcus in the diffusion

controlled-elect ron-transfer model (DCET) [10]. This model involves four states: the 

ground state energy of a bright dot IG), the excited state of a bright dot IL*), the ground 

state of a dark dot ID ), and the excited state of a dark dot ID*) (Fig. 3.2). The state ID) 

sits just below IL* ). The state of the bright dot are modeled as parabolas in a reaction 

coordinate q. Spectral diffusion is then explained as the diffusion of these parabolas in 

reaction space. Intermittency is governed by diffusion of the IL* ) and ID) states. Once a 

carrier has accessed the dark dot states, de-excitation from ID* ) to ID) is governed by a 

radiationless Auger process. The DCET model predicts a slope change from m = -1.5 to 

m = -.5 before a critical time, which has recently been observed [23] . 

3.4 Excitation Energy and Fluorescence Dynamics 

As noted earlier, the condition for an incident photon to create an electron-hole pair is 

a lower bound; it must have energy at least equal to that of the band gap. Given the 

dependence on energy-level structure in the theories just described, it is interesting to 

ask what effect excess photon energy has on fluorescence dynamics. Two previous studies 

provide evidence for an effect of excitation energy on fluorescence, one in CdSe NCs [14] 

and one in CdSe/ZnS NCs [15]. In both cases, this effect is attributed to the excited charge 

carriers accessing additional trap states at higher energies. 

Hoheisel et aL [14] employed photoluminescence excitation (PLE) measurements on 
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Figure 3.2: A schematic of energy levels in the DCET model. Solid lines are radiative transitions 

and dotted lines are non-radiatve transitions. (After Fig. 2 in Tang and Marcus [10].) 

CdSe NCs in order to study the excitation energy dependence of quantum yield. The 

quantum yield of a process is the ratio of absorbed to emitted photons. A decrease in 

quantum yield was observed for excitation more than 300 me V above the bandgap. Hoheisel 

et al. interpreted this result as indicative of an energetic threshold near the second excited 

state, 1P3/21Pe' They suggested that above this state, carriers enter a quasicontinuous 

manifold of states and access new nonradiative pathways back to the ground state, thus 

decreasing the quantum yield . Higher above this threshold, the PLE spectrum is completely 

independent of excitation energy, indicative of a continuum of energy states. 

More recently, Knappenberger et al. investigated the effect of excitation energy on 

blinking statistics [15]. They studied core/shell CdSe NCs with a core size of 4.0 nm. 
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Using a tunable laser, they excited their samples 124, 162, 250, and 330 meV above the 

bandgap. They found that on-time distributions followed a power law of the form in Eq. 3.1 

for the lower two energies and a truncated power law of the form in Eq. 3.2 for the higher 

two energies. They took this as indicative of an energetic threshold above which additional 

trap states become accessible that enable a cutoff for the on-times. 

These studies suggest an interesting energy-level structure at the surface of CdSe/ZnS 

NCs. However, they leave open the question of what happens to blinking statistics when 

excitation is far above the band gap (> 330 meV), into the regime where Hoheisel et al. 

found the PLE spectrum to be independent of excitation energy. Here, we address this 

question by measuring blinking behavior for core/shell CdSe NCs excited moderately above 

(270 meV) and far above (1000 meV) their band gap. 
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Chapter 4 

Experimental Methods 

4 .1 Introduction 

We measured emission intensity as a function of time from single core/shell CdSe/ ZnS 

NCs using widefield fluorescence microscopy and charged-coupled device (CCD) camera 

detection. The NCs studied here were about 5 nm in diameter , with a peak emission of 

600 nm. A plot of the absorption spectra for a bulk sample of the NCs is shown in Fig. 4.1. 

NCs deposited on glass and quartz substrates were excited using either 532 nm (green) or 

405 nm (violet) laser light. Over 70 single NCs were studied in this way for each excitation. 

The intensity trajectories were in turn used to calculate probability density distributions 

for off-times (Toff) and on-times (Ton) for each NC. These off- and on-time distributions 

were fitted to power laws and truncated power laws, respectively. 

4 .2 Microscopy 

We made measurements using wide-field epifluorescence microscopy. With this method, we 

were able to illuminate a region of interest (ROI) of approximately 900J-lm, allowing data 

to be collected from as 20-30 NCs at once, as show in Fig. 4.2. This allows us to reliably 

35 



,-.. 
~ 
ro 

~ 6 rr--------~----------_r------,_--,_----------~--------_, .... 
~ 

-.:: 
o .... 
E 
"-o 
c 
'-' 
Q) 
u 
c 
ro 

4 

2 

~ O LL--------~-----------L------~--~----------~--~~=-~ o 
1i 400 450 500 550 600 650 
ro 

wavelength 

F igure 4.1: A plot of absorption spectra versus wavelength for a bulk sample of the Nes studied 

here. The vertical lines indicate 405 nm and 532 nm laser excitation wavelengths. 

sample the NCs while easily generating enough data that we may discard faulty traces (see 

Sec 4.6, below). Sequences of images were collected for 1500 s at a rate of 10 frames per 

second with a CCD camera (Princeton Instruments Photonmax) and saved to a computer. 

The epifluorescence configuration is characterized by the fact that the same lens is 

used to focus incident illumination and collect fluorescence emission. Because of this, it 

is necessary to separate the scattered or reflected laser light from the emitted fluorescence 

light. This is accomplished with the combination of a dichroic mirror and an emission 

filter. A dichroic mirror is a beamsplitter that transmits light of wavelengths longer than a 

cutoff, and reflects wavelengths shorter than the cutoff. Incident light from the laser source 

(described in greater detail below) is either 532 nm or 405 nm, whereas emission for the 

sample peaked near 600 nm. The dichroic mirrors employed were thus chosen to transmit 

600 nm light and reflect shorter wavelengths. 

Referring to Fig. 4.3, we will now follow the path of the light through the microscopy 

setup. Incident laser light first meets the dichroic mirror. This reflects the incident beam 

down onto the back aperture of the microscope objective. The microscope objective focuses 

the illumination onto the substrate, where it excites the NCs. The fluorescence emission 
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Figure 4.2: A sample region of interest over which measurements were taken. The dimensions 

of the region on the substrate are approximately 28.035 Mm by 31.773 Mm. In order 

to show all NCs, this image was generated by setting each pixel to the maximum 

brightness value it attained over the course of a 1500 s movie. See Sec. 3.7 for more 

details. 

from the NCs is then collected through the same microscope lens. The emission is at a 

longer wavelength and so is transmitted rather than reflected by the dichroic mirror, as 

just described. The light then passes through a final filter that attenuates any reflected 

laser light that passes the filter by about four orders of magnitude, ensuring that only 

fluorescence emission reaches the CCD camera. An image is formed on the chip of the 

CCD camera. The image is recorded and saved onto a computer. 

4.3 Illumination 

Excitation was provided by either a 532 nm diode-pumped frequency-doubled laser (Co

herent Compass) or a 405 nm diode laser (Coherent CUBE). In order to achieve a Gaussian 

profile, the diode laser filter was passed through an air-launch fiber optic system that trans

mitted only the TEMoo mode. The green laser power was 80 W /cm2 and the violet laser 

power was 30 W / cm 2 , chosen such that the photon absorption rate was constant between 
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Figure 4.3: A schematic diagram of the wide-field epifluorescence microscopy setup used. 
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the two lasers. The former power represents a fourfold decrease of green laser power from 

previous studies. This reduction was necessary because the violet laser could not be run at 

a higher power without rapidly bleaching the NCs. Bleaching is thought to occur when an 

incident photon causes one of the ligands protecting a NC to break away. This change in 

the surface properties of dot causes it to permanently cease fluorescing through the creation 

of quenching states. Both lasers were passed through a neutral density filter to reduce their 

intensity and a quarter-wave plate to convert from linear to circular polarization. They 

were then expanded and focused near the back aperture of the microscope objective. 

4.4 Sample Preparation 

In order to resolve individual NCs for microscopy, it was necessary to deposit the NCs on 

a coverslip spaced by a few micrometers. This places the NCs at a spacing significantly 

larger than the diffraction limit of the microscope. We purchased core/shell CdSe/ZnS NCs 

with an long chain amine capping agent from Evident Technologies1 . The dots purchased 

were about 5 nm in diameter with a bulk absorption peak near 585 nm, corresponding to 

a bandgap of 2.06 eV. Their emission peak was near 600 nm. 

Samples were prepared by diluting a stock solution of NCs m toluene by 105-fold. 

These dilute solutions were spin-cast on glass or quartz coverslips. This obtained the 

desired result of spacing the individual NCs by a few micrometers. The substrates were 

cleaned in a solution of 70% sulfuric acid and 30% hydrogen peroxide for about 5 minutes 

then rinsed in deionized water. Quartz cover slips were additionally rinsed in methanol 

and passed through the flame of a methylacetylene-propadiene torch. 

1 http://www.evidenttech.com 
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4.5 Data Collection 

A suitable region of the substrate was located by manipulating a motorized stage in the 

x-y plane. A suitable region is the densest one attainable in which most of the emitters2 

are spaced at least a few pixels apart, where a pixel is 267 nm in length. This spacing is 

necessary in order to resolve individual NCs, as previously discussed. The size of the region 

is such that the illumination intensity remains within 15% of the maximum. A typical such 

region contains between twenty and forty emitters. Once a suitable region was located, a 

fluorescence movie was t aken by the CCD camera for 1500 seconds at a rate of 10 frames 

per second. The movie was saved to a computer for analysis. 

4.6 Data Analysis 

Analysis of the data consisted of converting fluorescence movies into probability distribu

tions and fitting those distributions to the expected form. First , a single grayscale image 

of the data collection region was created in which each pixel was assigned the maximum 

brightness value it took during the movie. A 6x6 pixel area was then defined for each 

emitter in Photoshop. The locations of these segments and the original movie were used as 

inputs to a Mathematica script that generated intensity versus time traces for each emitter. 

Using IgorPro, both intensity traces and intensity histograms were examined for each 

emitter. The intensity trace from a single emitter should switch between essentially two 

ranges of intensity [13]. The intensity traces of NC clusters will additionally display in

termediate ranges of intensity during which some but not all of the NCs are in the bright 

state [24]. Such traces were identified and the data that generated them were excluded 

from further analysis. The intensity histogram of a single NC should show two peaks, one 

2Not every emitter is guaranteed to be a single NC ; they may also be clusters of crystals or fluorescent 

impurities. We will use the term "emitter" from here until after the intensity traces are analyzed, at which 

point we can be reasonably confident that emitters are single NCs. 
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Fig ure 4.4: The intensity trace and accompanying histogram for a NC under 532 nm excitation. 

for the baseline intensity of the off state and one for the intensity of the on state [24], 

as show in Fig. 4.4. The intensity histogram for a cluster of NCs will have more than 

two peaks or a shoulder on one of the peaks, corresponding to the intermediate level of 

intensity just discussed. Data from such emitters was also discarded. Additionally, traces 

that showed no fluorescence after the first quarter of observation time were taken to be 

signs of early bleaching and were discarded. 

Next, an intensity threshold was determined in order to distinguish between the on

and off-states [25]. For each NC, the range f1Idark and standard deviation O"dark of the 

background (off state) intensity were measured. The threshold was then set at f1Idark + 
O"dark. Each length of time Ton that the intensity remains above this threshold is considered 

an on event, while each length of time Toff that the intensity remains below this threshold 

is an off event. Histograms of off and on event durations were calculated for each NC by 

a Matlab script. 

In the histogram, the duration of each event was assigned to a time bin. We binned 

our data both linearly and logarithmically in order to explore the effect of binning on the 
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fitting parameters. Linear binning is done with time bins of a fixed width, in this case 

the frame duration of 100 ms. Thus, the Toff(on) values were assigned to bins of 0-100 

ms, 101-200 ms, 201-300 ms, etc. In logarithmic binning, the width of the bins is not 

fixed but increases logarithmically. Following Shimizu et al. [9] , we divided each decade of 

duration into ten time bins. Hence, the first 1000 ms is divided into 100 ms time bins and 

is no different than linear binning (See Fig. 5.1 in Sec. 5.2). After that, the logarithmic 

approach results in bins that grow larger on a linear scale while remaining evenly spaced 

by .1 on logarithmic scale. Hence, logarithmically binned data is smoother and displays 

less scattering at the tail end of the distribution, since each bin at the tail has more bins 

than in the linear case [21] [25]. Typically, the tail end of the distributions is noisy due to 

sampling errors, as it represents the lowest probability events. In logarithmic binning each 

bin near the tail has more counts than in linear binning, reducing such errors. 

Next, probability density distributions were calculated following a method like that of 

Kuno et al. [7], according to the equation 

( ) JV(Toff(on)) 1 
P Toff(on) = JVtot b..tav 

off(on) off(on) 

( 4.1) 

where JV(Toff(on)) is the number of events of duration Toff(on) , JV;ff(on) is the total number 

of events, and b..t~ff (on) = (a + b)/2. Here, a and b are the lengths of the next longest and 

next shortest events. In a linear binning scheme, if both of a particular bin's neighbors are 

occupied, then b..t~ff(on) = 100 ms, the frame duration. For short, high-probability events, 

this will usually be the case. For long, low-probability events, the nearest occupied bins 

will be farther apart, thus b..t~ff(on) will increase and P(Toff(on)) will increase for these 

events. The ensures that the rare events at the tail end of the distribution are properly 

weighted. If instead of b..t~ff(on) we were to simply use b..t = 100 ms, then the distribution 

would plateau at the tail [25] since any event there will only occur a few times in a finite 

experiment duration. The case for logarithmic binning is similar, with the weighting factor 

only becoming important at the long events. 
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Figure 4.5: A (fairly log) off event in this intensity trace is identified by thresholding. 

In IgorPro, the logarithm of a power law was fitted to a plot of 10gP( Toll) versus 

10gToll' also following Kuno et al. This method gives equal weight to all data points and 

results in steeper slopes (closer to typical values) than fitting a power law to P( Tal I) [25]. 

The power law fitted was 

(4.2) 

where A is a normalization constant. 

The logarithm of a power law is a straight-line on a logarithmic scale, so this amounted 

to a least squares fit of a line to the logarithm of the data. For on-time data, a truncated 

power law was fitted to a plot of 10gP( Ton) versus 10gTon. The truncated power law was 

(4 .3) 

We explored two methods of fitting the on-time data to the truncated power law. In 

the first , we first fit a straight line to log data for the first six points in order to obtain 

initial guesses for A and man. These initial guesses were then used in a three-parameter 
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fit for the truncated power law to the entire data set. Since the points for high-probability 

events represent more data the than the low-probability points, we attempted to give the 

former more weigh in the fit as follows: We fit a line to the first six points and forced the 

fit through the first point (representing the most data of any single point) to determine A 

and mono We then held these two parameters fixed in the truncated power law fit, which 

served only to determine Tc . 

In addition to fitting individual NC distributions, the number and duration of on-time 

events for all NCs under the same excitation wavelength were aggregated together and used 

to produce a single distribution. This distribution was also fitted to a truncated power 

law. 

4.7 Other Experiments Attempted 

The experiment described here was also attempted with two smaller sizes of NCs, with 

emission peaks near 565 nm and 549 nm. We encountered difficulties inherent to the smaller 

crystal size. Since the absorption cross section of the NCs decreases with decreasing size, 

the absorption rate also decreases for a fixed illumination intensity. This in turn leads to 

a lower signal-to-noise ratio for smaller NCs. For reasons explained in the Section 4.3, it 

was necessary to conduct measurements at low excitation intensity even for the largest size 

of NC. Thus, we could not increase the intensity for the smaller NCs to offset the smaller 

absolute cross section. In addition, the smallest size of NC bleached too quickly to obtain 

a significant amount of data. Though smaller NCs have smaller cross sections, the loss of 

a single ligand is more significant since the surface area is less. The result is that smaller 

dots bleach more easily. 
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Chapter 5 

Results 

5.1 Introduction 

In this section we will present and discuss the results of the measurements described in 

the previous section. Our goal is to characterize the probability distributions of Ton and 

Toff. We will first compare the quality of the methods used to fit the power law and the 

truncated power law. Having chosen a fitting method, we then report the results and 

discuss off- and on-time behavior for the two excitations. We find that the off-time data 

can be fit to a power law and the on-time data can be fit to a truncated power law. Off

time data show no excitation energy dependence, consistent with previous work. We find 

that under 405 nm excitation, the truncation time for aggregated on-time data is shorter 

and the histogram of truncation times for individual Nes is peaked at a shorter time. As 

both of these excitations lie above the 0.3 eV threshold identified by Hoheisel et al. [14], 

this result provides support for the existence of a second energetic threshold far above the 

1P3/21Pe state. 
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5.2 Fitting Methods 

As discussed in the previous section, two different binning methods and two different 

curve-fitting methods were applied to the data. Data were binned both logarithmically 

and linearly. On-time data binned in both ways from the intensity trace of a single NC are 

displayed in Fig. 5.1. As can be seen, the distributions are the same for the first decade. 

This is to be expected since the difference in the binning methods does not set in until the 

second decade. After roughly 0 on the logarithmic time scale, the linearly binned points 

begin to spread, while the logarithmically binned points are sparser and more closely follow 

a curve. 
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Figure 5.1: Truncated power law fits to the same Ne 's probability distribution using (a) linear 

bins and (b) logarithmic bins. Note that the first nine points are identical, but after 

that the logarithmically binned data is smoother. 

Using the fitting methods described below, Tc values for both types of data binning 

were acquired . Histograms of T c values for both bin types are displayed in Fig. 5.2. The 

bulk of T c values falls between 0 and 20 s for both bin types, however a shift in the tail of 
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the distribution can be observed. Furthermore, fits of marginal quality had to be discarded 

for different NCs in each case. The end result was that fewer good fits were produced 

in the logarithmic binning scheme. Thus, the choice of binning method has noticeable 

consequences for this crucial fitting parameter. In light of this, we decided that it is better 

to bin the data linearly so that the bin size (100 ms) matched the frame duration used to 

collect the data. Henceforth in this paper, all data reported were linearly binned. 
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Fig ure 5.2: Histograms of Tc values from truncated power law fits to individual NC distributions 

using (a) linear bins and (b) logarithmic bins. This discrepancy in total number 

of counts occurs because a fewer distributions produced good fits with logarithmic 

binning. 

We next turn to the issue of curve-fitting methods. All off-time data was fit to a power 

law in IgorPro by letting both the normalization constant (A) and the slope (mo!!) vary. 

For on-time data, two methods were attempted. In the first method, the three parameters 

A, man, and Tc were all allowed to vary. A second method was also attempted in which 

a linear fit was done for the first six points (forcing through the first point) in order to 

obtain A and man. These parameters were then held fixed during a truncated power law fit, 
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which produced a value for Ton. No substantial difference between the fitting parameters 

for these two methods was observed. We to fit the data reported in this thesis with the 

latter method. This is a compromise, allowing the first part of the data set to determine the 

power law slope and the entire data set to determine the truncation time. Note that , since 

logarithmic and linear binning are the same for the first six points, the binning method 

has no effect on this fitting method. 

5.3 Off-Time Distributions 

Linearly binned off-time data were fit to a power law distribution. Representative individual 

fits for both excitations are shown in Fig. 5.3. Histograms of individual moff values for 

both excitation energies are shown in Fig. 5.4. As can be seen, the shapes of the histograms 

are very similar. For both histograms, more than 90% (70 of 77) counts fall between 1.4 and 

1.9, with a peak at the 1.5-1.6 bin. The average moff for 532 nm (green) excitation was 1.63 

with a standard deviation of 0.17, while the average moff for 405 nm (violet) excitation 

was 1.63 with a standard deviation of 0.16. Hence, there is no significant difference between 

the average moff values. 

The off-time data appear to show no difference between 532 nm excitation (270 meV 

above the band gap) and 405 nm excitation (1000 meV above the band gap). No difference 

is observed in the shape of the off-time probability distributions, the histogram of individual 

moff values, or the average value of moff. Off-times end when a dot in a dark, charged 

state is restored to a bright , neutral state, so the behavior of off-times can be used to 

make inferences about this restoring mechanism. Our results suggest that this mechanism 

is independent of excitation energy over the broad range represented. 

Our findings are consistent with Knappenberger, who found no sensitivity in off-time 

statistics for exciting energies of 124, 162, 250, and 330 meV on similarly sized core/shell 

CdSe/ZnS NCs [15]. This suggests that off-time statistics are insensitive to excitation 

energies ranging from 124 meV to 1000 meV above the band gap for this size of NC. This 
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Figure 5.3: Representative power law fits to off-time probability density distributions for 532 nm 

(left) and 405 nm (right) excitation. 

includes energies both above and below the 1P3/21Pe state. It also includes energies above 

and below both the 300 me V and 330 me V thresholds identified by Hoheisel et al [14]. 

Recall that they found that quantum efficiency drops for excitation above about 300 me V 

and that the PLE spectrum for CdSe NCs is independent of excitation energy above 330 

meV. The off-time distributions appear to be insensitive to excitation energies at least 

across this energy range. This is consistent with earlier work by the Crouch group finding 

no difference in off-times between 488 nm and 532 nm excitation for smaller NCs with peak 

emission at 532 nm. These results suggest that the mechanism that restores a dark NC to 

the bright state is the same in the discrete, quasicontinuous, and continuous distributions 

of energy states thought to occur across this energy range. 

No cutoff in the off-time probability density distributions was observed here. Recently, 

however, a cutoff of 2500s, far beyond our experimental duration, was observed for off-time 

distributions in nanorods [26]. 
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Figure 5.4: Histograms of ma!! values from power law fits to individual NC distributions under 

(a) 532 nm and (b) 405 nm excitation. 

5.4 On-Time Distributions 

The logarithm of a truncated power law was fit to the logarithm of on-time probability 

density distributions for individual NCs as well as for the aggregated data, as described in 

Sec. 4. Representative individual fits for both excitations are shown in Fig. 5.5. 

Histograms of individual man values for both excitation energies are shown in Fig. 5.6. 

Both histograms are peaked at around 1.1 s. The average man value was 1.07 for 405 nm 

excitation and 1.12 for 532 nm excitation, both with a standard deviation of 0.14. The 

aggregated data is displayed in Fig. 5.8, where it can bee seen that there is not a great 

difference between the slopes of the aggregat ed data for different energies. The slope was 

slightly steeper for 405 nm excitation, with m = 1.20 compared with m = 1.13 for 532 nm 

excitation. Hence, there was not a significant difference in man between the two excitation 

energies. 

Histograms for truncation times Tan can be found in Fig. 5.7. The distribution is peaked 
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Figure 5.5: Representative truncated power law fits to on-time probability density distributions 

for 532 nm (left) and 405 nm (right) excitation. 
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Figure 5.6: Histograms of man values from truncated power law fits to individual NC distributions 

under (a) 532 nm and (b) 405 nm excitation. 

narrower and at a shorter time for 405 nm excitation. The aggregated data in Fig. 5.8 

display a visible difference can be seen in the truncation times. The truncation time was 
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11 s for 405 nm excitation and 22 s for 532 nm excitation. Hence, both the aggregated 

truncation time and the distribution of individual truncation times was shortened slightly 

by 405 nm excitation. 

There was no significant difference between 532 nm and 405 nm of the histogram of 

individual on-time slopes man and in the aggregated on-time slopes. It should be noted that 

our man values, which are peaked around 1.1 s in histograms for both energies, are shorter 

than the values typically observed, which are closer to 1.5 s [1]. During early trials, these 

shallow slopes were found to be fairly robust against changes in sample preparation. Data 

taken on flamed quartz coverslips with 532 nm excitation showed slightly higher slopes, 

but still low. Data taken on flamed quartz coverslips with 405 nm excitation showed a 

large amount of background variation. Hence, all data reported here were taken on glass 

coverslips. There was no significant difference in these values for the different binning or 

fitting methods previously discussed. It is likely that these values are due to the fact that 

our samples were excited at fourfold lower intensity than similar studies in order to avoid 

photobleaching (see Section 4.3), and thus the on-times were prolonged. 

Notable differences occurred both in the histogram of truncation times Tc from individ

ual fits and in the truncation time of the fits to the aggregated data. For 405 nm excitation, 

the histogram is peaked at shorter time for , and the aggregated data has a shorter trun

cation. Since on-times are thought to end when a charge carrier is excited to a trap state, 

these results suggest that the trapping mechanism is sensitive to the difference between 

exciting at and above the 1P3/21Pe state. 

Both wavelengths used correspond to excitation above the threshold range identified 

by Knappenberger et al. as being the onset of on-time truncation times in CdSe NCs of 

roughly this size. They identified this onset as occuring between 162 and 250 meV above 

the bandgap, whereas our excitation are 270 me V and 1000 me V above the bandgap. 

Our excitation energies do, however, fall both near and far above the thresholds iden

tified by Hoheisel [14]. At 270 meV, we are exciting to the 1P3/21Pe state, which may 
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Fig ure 5.7: Histograms of Tc values from truncated power law fits to individual NC distributions 

under (a) 532 nm and (b) 405 nm excitation. 
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mark the beginning of the quasicontinuous manifold of states in Hoheisel's model. At 1000 

meV, we are exciting far into the continuum of state in which Hoheisel found that the PLE 

spectrum became independent of excitation energy. Our results provide further evidence 

for a dynamical change at this energy regime. The shortening in truncation times may be 

due to new dynamic pathways that enable shorter cutoffs for the on-times. Alternatively, 

it may be that high-energy photons damage the dot's surface ligands or otherwise alter its 

surface properties, creating new trap states. 
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Chapter 6 

Conclusion 

6.1 Summary 

In this thesis, we reported measurements of blinking statistics from core/shell CdSe/ZnS 

nanocrystals illuminated with one of two excitation energies : 532 nm (270 me V above 

the band gap) or 405 nm (1000 meV above the band gap). Off-time probability density 

distributions were fit to a power law, while on-time probability density distributions were 

fit to a truncated power law for both individual NCs and aggregated data. We found no 

substantial difference in the off-time statistics under the two excitations. However, we 

found shorter truncation times T e , both for individual nanocrystals and for aggregated 

data. The results suggest that there is an energetic threshold far above the IP3/21Pe state 

above which either new dynamic pathways become available or the surface states of the 

crystal are altered. 

6.2 Ongoing and Future Investigations 

The measurements reported in this thesis were part of a wider study of the excitation energy 

dependence of blinking statistics. [8] In this study, two smaller sizes of NC were studied 
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with both 532 nm and 488 nm excitation, and the size reported here was also studied 

under 488 nm excitation. Difficulties in making measurements with 405 nm excitation for 

smaller sizes of NC were reported in the Methods section. If these difficulties could be 

overcome, it certainly be interesting to study multiple sizes of NC excited in this range. 

As was mentioned in the previous chapter, a cutoff of 2500 s has recently been observed 

for off-time distributions [26]. It would be interesting to investigate the excitation energy 

dependence of this truncation time, as all off-time statistics measured so far have been 

insensitive to changes excitation energy. 
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