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Nanometer-sized semiconductor crystals, termed ‘quantum dots’, are of fundamental 

interest because of their size-tunable properties. Three-dimensional quantum confinement 

of charge carriers by the small crystal size results in discrete atomic-like electronic states. 

This dissertation describes the synthesis and in-depth characterization of lead 

chalcogenide colloidal quantum dots for forthcoming applications as near-infrared single 

photon emitters. An efficient single photon source that operates at telecommunication 

wavelengths (between 1.3 and 1.6 µm) is a basic requirement for many photonic quantum 

technologies, such as quantum computing and quantum cryptography. 

Chapters 1 and 2 of this work provide an introduction to colloidal quantum dots and 

their use as single photon emitters. It includes a description of photonic crystal 

microcavities and their ability to enhance the spontaneous emission rate of quantum dots. 

The synthesis and basic characterization of PbSe and PbS quantum dots is then discussed 

in chapter 3. In particular, a new synthetic method for the preparation of highly 

photoluminescent PbS quantum dots is presented. PbSe/CdSe core/shell quantum dots 

prepared by a cation exchange reaction are also described and a significant improvement 



 iv 
in photo-stability is shown. Chapter 3 concludes with a description of three different 

surface modification techniques. PbSe core and PbSe/CdSe core/shell materials are 

investigated further in chapter 4 by advanced characterization techniques that include 

high-angle annular dark field (HAADF) imaging, energy-filtered transmission electron 

microscopy (EF-TEM) imaging, energy-dependent X-ray photo-electron spectroscopy 

(XPS), small angle X-ray scattering (SAXS), and small angle neutron scattering (SANS). 

The information obtained from these techniques is combined to form a structural model 

of the PbSe core and PbSe/CdSe core/shell quantum dots with greater complexity than 

previously reported. In chapter 5, the temperature-dependent photoluminescence from 

PbSe and PbSe/CdSe core/shell quantum dots is discussed and a thermal model is 

presented that accounts for the large (non-trivial) temperature dependence of the Stokes 

shift and photoluminescence lineshape over the entire temperature range (4.5 to 295 K). 

Chapter 6 examines two scalable methods to integrate the colloidal quantum dots into 

silicon two-dimensional photonic crystal slab microcavities (a requirement for efficient 

single photon emission). Finally, conclusions and possible future work are discussed in 

chapter 7. 
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Chapter 1.  General Introduction 

 

Nanotechnology is the study and design of structures with sizes below 100 nanometers. 

Physicist Richard Feynman first proposed the idea in his seminal 1959 lecture titled 

‘There’s plenty of Room at the Bottom’.1 New (and potentially very useful) phenomena 

emerge when matter is organized at the nanoscale. At this small size scale, quantum 

mechanical effects are very important and the properties of materials (e.g. luminescence, 

electrical conductivity, chemical reactivity, etc.) become size- and shape-dependent.2 The 

ultimate goal of nanotechnology is control over matter at the atomic scale. The ability to 

manipulate individual atoms opens up a door of opportunity for the design of new 

functional materials and devices with significantly improved performance.3-4  

One case where nanotechnology plays an important role is in the design of new 

semiconductor devices.5-8 Semiconductor devices are the key components of most 

working electronic systems. A well-known example is the building blocks of computer 

and communication systems that have become an integral part of today’s society. The 

semiconductor industry’s constant drive to increase the number of transistors per area 

placed on an integrated circuit (the number of transistors doubles approximately every 

two years, as described by Moore’s law9) has required that the components reach 

nanoscale dimensions (e.g. Intel® 32 nm process technology in 2011). The ability to 

create and manipulate materials on the nanoscale will enable continued increases in 

device performance with time.3 

Perhaps more importantly, nanotechnology allows for the creation of new functional 

materials that could one day be used to create entirely new devices all together. An 



 

 

2 
example is the development of extremely small semiconductor crystals (below ~10 nm), 

known as ‘quantum dots’.10-14 Yale physicist Mark Reed first coined the term ‘quantum 

dot’ in the late 1980s because of their small size (in all three dimensions) and unique 

properties that can be explained only by quantum mechanics.12 Unlike their bulk 

counterpart, quantum dots (QDs) have size-dependent properties that include improved 

absorption and emission of light.15 The size-tunable optical and electronic properties of 

semiconductor QDs have been studied in a wide range of applications such as 

photovoltaic16-18 and light-emitting devices,19-21 biological imaging,22-24 spintronics,25 and 

quantum computing.26-27 

This dissertation is concerned with the fabrication and characterization of QDs that 

emit in the near-infrared (NIR) spectral region. The QDs described have organic ligands 

on their surface that make them dispersible in solvent (they are therefore known as 

colloidal QDs) and as such are more amenable to further chemical processing and 

reduced device fabrication costs.10,28-29 Their efficient optical transitions should allow for 

their eventual integration into a variety of applications that require materials to operate at 

NIR frequencies. Examples of this include photovoltaics16-18,30-32 because a significant 

portion of the sun’s light spectrum is infrared light, and in bio-imaging23-24,33 because 

reduced absorption and scatter from biological tissues occur in the NIR spectral region. 

Although the QDs investigated in this dissertation have a wide range of possible 

applications, the overall goal of this work is to utilize their ability to emit single photons 

for eventual integration into devices with quantum optics applications (two examples are 

discussed in chapter 2). QDs are able to emit single photons owing to their atomic-like 

energy spectrum.34-35 
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For many of these applications, long distance optical communication is necessary. The 

standard medium for telecommunication is silica optical fibers that have reduced 

dispersion and improved transmission in the NIR between 1.3 and 1.6 µm.36 Wavelengths 

of 1.33 and 1.55 µm are typically used to avoid the vibrational overtone of OH groups 

embedded in the silica fiber and because of convenient lanthanide optical transitions 

(4F3/2 → 4I13/2 transition of Nd3+ and 4I13/2 → 4I15/2 transition of Er3+, respectively). 

Therefore, this dissertation focuses on the development of colloidal QDs that emit 

between 1.3 and 1.6 µm for applications that will inevitably require single photons in this 

range. It also discusses strategies for incorporating and positioning single QDs on silicon 

photonic crystal (PC) slabs; a requirement for the realization of a working single photon 

source (SPS).37 

The development of an SPS and its eventual use in quantum optics applications is a 

large national collaborative project involving a number of expert researchers from across 

the country.38 Notably, the group of Dr. Jeff F. Young at the University of British 

Columbia is heading the development of the silicon PC slab chips (discussed in chapter 

6) and an investigation of the cavity quantum electrodynamics. Other researchers include 

expertise in the theory and computation of light-matter interactions in nanostructured 

materials (Dr. Stephen Hughes at Queen’s University, Dr. Pawel Hawrylak at the NRC 

Institute for Microstructural Sciences), a different SPS approach based on self-assembled 

QDs (Dr. Robin L. Williams at the NRC Institute for Microstructural Sciences), the 

development of efficient NIR single photon optical detectors (Dr. Hamed Majedi at the 

University of Waterloo, Dr. Charles Bamber and Dr. Joanne Zwinkels both at the NRC 

Institute for National Measurement Standards), surface acoustic waves (Dr. James Stotz 
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at Queen’s University), and quantum entanglement (Dr. Gregor Weihs, now at the 

University of Innsbruck in Austria). 

This dissertation begins (chapter 2) with an overview of the background and theory 

required to develop an SPS based on colloidal QDs. The chapter briefly introduces two 

important applications (quantum key distribution and quantum computing) that require an 

SPS as a basic building block, followed by a discussion of the strict requirements of the 

photon source. An introduction to semiconductor QDs and two-dimensional (2D) PC 

slabs is then given. The chapter concludes with a review of current single photon source 

technologies and a proposed device based on integration of colloidal QDs onto 2D silicon 

PC slabs. 

Chapter 3 presents the synthesis and characterization of colloidal QDs. The synthesis 

and characterization of two types of NIR-emitting colloidal QDs (PbSe and PbS) will be 

discussed in detail. These materials have photoluminescence quantum efficiencies 

approaching 80% in the NIR spectral region at room temperature. The synthesis of 

core/shell QDs to improve (photo)stability is then explored using a cation-exchange 

method. The chapter concludes with an investigation and comparison of three different 

water-transfer strategies (ligand exchange, silica-coating, and ligand intercalation) for 

NIR-emitting QDs.  

In chapter 4, the use of advanced characterization techniques (e.g. synchrotron-based 

X-ray photo-emission spectroscopy and neutron scattering methods) to probe the 

core/shell structure will be discussed in detail. For nanomaterials, the overall particle 

structure plays an important role in the observed electronic and optical properties; 

therefore, understanding the structure is critical for further developing materials. 
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An in-depth study of the temperature-dependent optical properties from both PbSe core 

and PbSe/CdSe core/shell QDs will be discussed in chapter 5. These results provide 

insight into the emission properties of QDs as thick films and the conclusions drawn are 

relevant to the design of an SPS based on these materials. In particular, contributions to 

the photoluminescence line broadening of PbSe QDs are determined and an enhancement 

in photoluminescence yield is observed for the core/shell QDs as compared to the PbSe 

core QD-precursor material. 

Chapter 6 discusses our efforts to incorporate colloidal QDs at the center of a PC 

microcavity and the challenges associated with doing so. First, an entirely chemical 

approach that involves functionalization of the PC slab will be discussed. Subsequently, a 

detailed synthetic method for preparing silica-coated gold nanoparticles “decorated” with 

NIR-emitting colloidal QDs is presented. These new functional materials will be used in 

forthcoming optical trapping experiments for positioning QDs inside a PC cavity.  

Finally, conclusions and possible future work will be outlined in chapter 7. The body of 

work presented in this dissertation will contribute to the development of a working SPS 

based on NIR-emitting colloidal QDs. 
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Chapter 2. Motivation and Background 

 

The development of a single photon source (SPS) is of significant interest for its 

potentially important role in the field of quantum information science.37,39-41 Classically, 

utilizing photons to transmit information offers tremendous power savings compared to 

electrons in copper wires (especially for long distances), but as quantum sources of light, 

single photons could offer guaranteed secure communication (quantum key distribution) 

and increased computing power (quantum computing). After a brief introduction to 

quantum information science, this chapter introduces the basic background and theory 

that is required to develop an SPS based on colloidal semiconductor quantum dots (QDs). 

It concludes with the specific objectives of this work. 

2.1. Introduction to Quantum Information Science 

Information technology is growing at an unprecedented rate. Today, everything from 

personal communication and banking to predicting weather patterns and economic 

fluctuations are performed with computers. Secure communication and our ability to 

analyze complex problems remain two of the biggest and most important challenges in 

the field of information technology. The unique peculiarities of quantum mechanics are 

thought to be the answer to both of these issues.26,42 Researchers around the world are 

therefore working at a tremendous pace to find the ideal physical system to be used for 

such tasks. 

2.1.1. Quantum Cryptography 

Cryptography is widely employed by government, military, and financial institutions 

around the world to ensure data confidentiality. In classical cryptography, the information 
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is typically hidden using sophisticated codes. Therefore, if two parties want to 

communicate, they both require a common code (also called a key) so that the receiver 

can decode and understand the sender’s message. Unfortunately, for such a case there is 

no way of knowing if a third party has a copy of the key. In fact, there is no way of 

knowing if a third party is even eavesdropping, and if they are (with a team of very 

intelligent cryptanalysts) they could potentially break the code without the need for a key. 

Although a number of very complex encryption methods exist (such as public-key 

encryption43), none are thought to be completely impossible to break, only very difficult 

at best. As computers (especially ones that can efficiently factorize large numbers) 

develop further, it becomes increasingly important to have a more secure method for 

transmitting information and this is where quantum cryptography offers a solution. 

Quantum cryptography’s primary advantage is in its ability to transmit information 

knowing that no one has intercepted it. This is best illustrated by the following: Figure 

2.1a is a simple representation of a classical telecommunications system based on 

photons.44 The sender (Alice) sends the receiver (Bob) a message using pulses of light. 

Each strong pulse represents binary ‘1’ and weak pulses represent binary ‘0’, as part of a 

binary information system. For such a case, it is quite possible for someone (Eve) to 

eavesdrop on the message (as shown in Figure 2.1b) without Alice and Bob knowing. 

Eve simply inserts a 50:50 beam splitter (BS) and an optical amplifier (gain of 2) and she 

now has a copy for herself and Bob receives an unaffected signal.44  
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Figure 2.1. (a) Representation of a classical telecommunications system. (b) Example of 

eavesdropping on a classical signal transmission. 

 

Yet, quantum mechanics tells us that it is not possible to make a measurement on single 

particles without affecting their state somehow.42,45 As such, Eve cannot detect a photon 

and extract all the quantum information from it and then transmit another exact quantum 

copy of the photon to Bob. This is known as the ‘quantum no-cloning theorem’.46 If the 

data are encoded in a quantum mechanical way (e.g. using the polarization state of a 

single photon), the eavesdropper is revealed through the disturbance they make with their 

measurements. Alice and Bob can take advantage of this by sending each other private 

keys and they will immediately know if the keys are really private. The secure method is 

referred to as quantum key distribution (QKD).42,45,47 

For this approach to work, Alice needs to send one photon at a time to Bob, as multiple 

photons can be utilized by Eve to extract information without Bob knowing (this is called 

(b) 

(a) 
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a ‘photon number splitting attack’).48-49 Eve simply splits off the extra photon(s) and 

stores it in a quantum memory until Bob detects the remaining photon and reveals the 

information to Eve. This method allows Eve to obtain information on the key without 

introducing any detectable errors to Bob and Alice.  The generation of single photons is 

therefore a critical component of the QKD method.37,41,44-45 

2.1.2. Quantum Computing 

Computers that utilize quantum mechanics (so called ‘quantum computers’) can 

potentially solve intractable problems that are fundamentally important to science and to 

society. For instance, in 1997 Peter Shor demonstrated that a quantum computer can 

factorize a large number in polynomial time rather than exponential time.50  

For classical computers, information is stored as ‘bits’ that can exist in either the ‘0’ or 

‘1’ state (e.g. represented by an ‘off’ and ‘on’ voltage switch). Quantum computers store 

information as qubits (quantum bits).26,47 The qubits are quantum mechanical states of 

individual particles, such as photons. Unlike classical systems, qubits represent more than 

just ‘0’ or ‘1’ states, but also take on superposition states. For example, if 0  and 1  are 

used to label the quantum states ‘0’ and ‘1’, then the general state of the qubit can be 

written as 10 βαψ += , where α and β are probability amplitudes that can be 

complex numbers (α and β only need satisfy the normalization condition 122 =+ βα ). 

Accordingly, the system is in a superposition of both 0 and 1  states at the same time. 

There are a number of physical systems that can be used as qubits. For example, a two-

level atom (or a QD, as discussed further below) can be in the ground state ( 0 = g ) or 

the excited state ( 1 = e ), thus eg βαψ += .51 Another example is a linearly 
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polarized photon, where horizontal polarization is 0  ( ↔ ) and vertical polarization is 

1  (  ), with βαψ +↔= .52 The probability amplitude coefficients (α and β) 

contain the quantum information of the qubit. 

A classical computer composed of N bits operates on only one single number (a string 

of N zeros and ones) at a time and therefore only one instruction is excuted at a time 

(known as serial computation). A quantum system composed of N qubits requires 2N 

complex numbers (i.e. 2N probability amplitudes) to describe its state. The fact that N 

qubits can be in a superposition of all possible states results in tremendous computing 

parallelism. Therefore, if an algorithm exploits the parallelism properly (e.g. Shor’s 

algorithm), the quantum computer will be able to solve problems that the classical 

computer cannot.26,44,47,50 

There are a number of technologies being explored that have differing advantages and 

disadvantages for the design and implementation of a working quantum mechanical 

computer system. However, it is typically accepted that more than one of these will be 

required. For instance, photons could be utilized for quantum transmission, nuclear spins 

for quantum memory and electron spins for linking the two together.53 In 2001, Knill, 

Laflamme and Milburn (KLM) developed the KLM scheme that demonstrated quantum 

computing is possible using a SPS.54 The generation of single photons is imperative, as 

multiple photons would lead to disruptions in the operation of an optical quantum 

computer. 

2.2. Single Photon Source 

Photons are efficient carriers of quantum information because they are non-interacting 

(in vacuum), propagate over long distances with low loss, and are easily manipulated 



 

 

11 
(e.g. using phase shifters, beam splitters, etc.).39-41,44,53 As discussed above, the 

production of single photons is a necessary step for the design and implementation of 

optical quantum computing and QKD applications. 

Photon sources are typically classified into three types: (1) bunching, (2) random, and 

(3) antibunching (see Figure 2.2).37 An ideal quantum SPS should generate one single 

photon per excitation (electrical or optical) pulse (known as photon antibunching), where 

each photon is indistinguishable. Photons are indistinguishable if they have an identical 

carrier frequency, wave packet envelope, and polarization state.55 It turns out that 

achieving single photon anitibunching is far from trivial. An attenuated thermal source 

(which follows Bose-Einstein statistics) is not an SPS candidate as it will always produce 

photon bunching. Therefore, initially the production of single photons was performed by 

attenuating a coherent laser source so that on average one photon is detected per time 

interval. However, this poses problems as the number of photons generated can also 

sometimes be zero, two or three (only the average is one). The classical light source is 

therefore probabilistic and the probabililty that n photons arrive at a detector for each 

excitation pulse follows a Poisson distribution given by  

 

!n
eP

n

n

λλ −

=  
(2.1) 

where λ is the mean photon number. True single photon emission is therefore often 

referred to as sub-Poisson. 
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Figure 2.2. Photon statistics for three different photon source types. The inset shows the time-

dependence of the emitted photons. 

 

Recently, there has been extensive research devoted to quantum systems as sources of 

single photons. In principle, any two-level quantum system is an ideal single photon 

emitter because only one photon is emitted for each excitation (from a specific 

transition).44 The result is that after the system emits a single photon no more photons are 

emitted until the next trigger pulse excites the system again. Possible candidates include 

atoms,56-57 ions,58-59 molecules,60-64 and color centers65-67 (i.e. atomic and electronic 

defects in a crystal). However, the first two suffer from difficulties with scalability, 

requiring complex and expensive trapping technologies, and molecules are highly 

susceptible to photobleaching. Color centers are not easily integrated with today’s 

semiconductor technologies and typically emit in the visible (e.g. diamond nitrogen-

vacancy centers emit red light). Ideally, the SPS should be scalable and emit photons in 
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the telecommunications window of 1.3-1.6 µm, if the photons are going to travel over 

long distances with silica optical fibers.  

Semiconductor quantum dots (QDs) are an attractive solution to the above problems. 

Some of their advantages include: (1) they have large transition dipole moments; (2) they 

can be integrated readily with current semiconductor technologies; (3) they are 

photostable; and (4) they have tunable emission frequencies (including infrared 

frequencies).37,40,68 As discussed in the next section, QDs are also known as ‘artificial 

atoms’ and their quantized energy levels allow them to behave effectively as a two-level 

quantum system.  

2.3. Semiconductor Quantum Dots 

2.3.1. Bulk Semiconductors 

The combined interactions of atoms produce the physical and electronic properties of 

bulk materials.69 An example of this is the overlap of a large number of atomic orbitals in 

a bulk crystal that produces continuous energy bands rather than the discrete energy 

levels of individual atoms. Regardless of the number of atoms in the crystal, some ranges 

of energy contain no orbitals and form a band gap. The highest filled energy band is 

called the valence band (analogous to the HOMO in a molecule) and the next band above 

is called the conduction band (analogous to the LUMO in a molecule). How these bands 

are filled and the energy gap between them determines the materials electronic properties. 

Bloch theorem can be used to solve Schrödinger’s equation ( Ψ=Ψ EĤ ) and obtain the 

band structure (the energy-momentum, E-k, relationship for carriers) of a bulk crystalline 

solid, which describes an electron in a periodic crystal.69 For a periodic potential energy 

in a lattice, the Bloch functions (electronic wavefunctions) are of the form 
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where b is the band index, k is the wavevector pointing in the direction of propagation, 

and Ψ and Ub are periodic in r of the direct lattice. Real band structures are complex, but 

near the band extrema they can often be approximated by parabolas using the effective 

mass approximation. The E-k relationship is then approximated by 
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where m* is the effective mass and ħ is the reduced Planck’s constant. The effective mass 

is given by  
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The effective masses for a number of important semiconductors have been determined 

experimentally.69 

 
Figure 2.3. Schematic representation of valence and conduction bands in a metal, insulator, and 

semiconductor. 
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Materials are generally categorized as conductors, insulators, or semiconductors 

(shown in Figure 2.3) by their ability to conduct electricity and more specifically, by the 

position of their Fermi energy.69 The Fermi energy is the energy for which the probability 

of occupation is equal to one-half.70 A conductor (e.g. metal) has a Fermi energy that lies 

within the conduction band because there is no energy gap between filled and unfilled 

energy levels. No energy gap means that only a small amount of energy is needed for 

electrons to move into other unoccupied states (i.e. for current to flow).  An insulator (or 

dielectric) however, has a large energy gap (Eg) between the filled (at 0 K) valence band 

and the next band of unoccupied states (the conduction band). The magnitude of Eg is a 

characteristic property of the bulk material. At 0 K, the lower valence band is filled with 

electrons (i.e. probability of occupation is one at 0 K) and the higher conduction band is 

unoccupied (i.e. probability of occupation is zero at 0 K). Correspondingly, the Fermi 

energy is at the centre of the energy gap (Eg/2). The energy gap is large enough (> ~4 eV) 

that electrons are not easily promoted to the conduction band with increasing 

temperatures (e.g. at room temperature, kBT is ~26 meV). Materials with energy gaps in 

the range of 0.3-3.8 eV are normally considered semiconductors. For their case, at 

temperatures above 0 K electrons in the valence band may have enough thermal energy to 

be excited across the energy gap (described by Fermi-Dirac statistics). The excited 

electrons in the conduction band leave behind holes in the valence band and form what 

are known as “electron-hole pairs”. When the charge carriers (electrons and holes) 

approach each other in space, they can form a bound state known as an exciton.71 This 

interaction is described by the exciton Bohr radius given by 
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where ε is the bulk optical dielectric coefficient, e is the elementary charge, me
* and mh

* 

are the effective masses of the electron and hole, respectively, and ħ is the reduced 

Planck’s constant. 

 
Figure 2.4. Simplified schematic band diagram for the optical transition in direct (left) and 

indirect (right) band gap materials. 

 

It is not necessary that the top of the valence band and bottom of the conduction band 

occur at the same value of k (in momentum space), as shown in Figure 2.4.69 Indirect 

band gap semiconductors (e.g. Si) have conduction and valence band extrema that do not 

lie at the same point in k-space. Direct band gap semiconductors (such as GaAs) are those 

in which conduction and valence band extrema do lie at the same point in k-space; 

therefore, electrons and holes can recombine and emit photons more efficiently than 
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indirect band gap materials because phonons are not needed to conserve momentum in 

the transition. 

2.3.2. Quantum Confinement 

For nanoparticles, the first and most obvious difference from the bulk is the very large 

surface-to-volume ratio associated with the small particle size. This results in unusual 

physical and chemical properties that are sensitive to particle size. An example is 

nanometer sized noble metal particles that act as catalysts compared to the inactive 

bulk.72 Another difference and perhaps more interesting as far as this dissertation is 

concerned, is the effect of size on the electronic and optical properties of the material. For 

bulk semiconductors, the width of the energy gap is fixed and determined by the 

material’s composition and crystal structure. The situation is very different for 

semiconductor particles with sizes below ~10 nm. For such particles, they are in the 

quantum confinement regime whereby the electronic excitations are affected by the 

particle boundaries and respond to changes in size.2,10-11,13-15,73-76 A QD is a 

semiconductor whose excitons are confined in all three spatial dimensions (quantum 

wells and wires are confined in one and two dimension(s), respectively).2,11,14 Figure 2.5 

illustrates the transition from bulk to QD and the corresponding change in density of 

states that results from the reduction in size.74 Excitation of the QD creates an exciton 

that is confined to the small volume of the nanocrystal. The three-dimensional 

confinement causes the continuous density of states of the bulk to separate into discrete 

electronic levels (shown in Figure 2.6). QDs are in an intermediate state between a 

molecule and that of the bulk material and because of their quantized electron and hole 

states they are also known as “artificial atoms”.  
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Figure 2.5. Electronic density of states for the bulk and varying degrees of quantum confinement.  

 

Size quantization occurs when the size of the nanocrystal is smaller than the bulk 

exciton Bohr radius (5.6 nm for CdSe and 46 nm for PbSe). Three classes of confinement 

known as strong (R<<aB), intermediate (R~aB), and weak confinement (R>>aB) regimes 

exist. The lead salt semiconductor compounds described in chapter 3 offer access to the 

strong confinement regime (well-separated discrete energy levels) due to their large 

exciton Bohr radii.77  

The energy gap of a quantum dot can be approximated crudely using a simple quantum 

box model or more precisely by the particle-in-a-sphere model.71,78 The result is an 

inverse-squared dependence of the quantum dot band gap on the radius of the particle, R. 

The first excitonic transition is referred to as the band gap of the QD and is approximated 

by 
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where Eg is the effective quantum dot band gap, Eg,0 is the bulk semiconductor band gap, 

meh is the average effective mass of the electron and hole, R is the radius of the particle, ħ 

is the reduced Planck’s constant, e is the elementary charge, ε0 is the vacuum 

permittivity, and εr is the dielectric constant of the semiconductor.79 Decreasing quantum 

dot size results in increases in band gap and thus a blue shift in the absorption and 

emission spectra, compared to the bulk. The above approximation does not account for a 

large number of processes that occur in ‘real’ QDs, such as surface states and coupling of 

electronic states. The effective masses are also based on the bulk materials and tend to 

deviate for small QDs. More advanced theoretical descriptions of the electronic 

properties of QDs exist,80-81 but will not be described here.  

The absorption spectrum provides information about the electronic density of states in 

a material, as shown in Figure 2.6. The individual electronic states of a QD are labelled 

with spherical quantum numbers S, P, D, etc.71,78 For the lead salt QDs discussed in this 

dissertation, the electronic structure is complicated by a rock salt crystal structure that 

results in four valley extremes at the L-point of the fcc Brillouin zone. The valence band 

maximum and conduction band minimum are therefore 8-fold degenerate (including 

spin). This results in a lowest-energy excitonic manifold that is 64-fold degenerate at the 

single exciton level.82 Atomistic pseudo-potential calculations have also revealed 

additional contributions from L-point intervalley mixing and adjacent Σ-point extremes, 

as well as anisoptropy of the effective masses that results in significant asymmetry of the 

electron and hole energy spectrum.80-81 
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Figure 2.6. (left) Energy transitions in a bulk and QD semiconductor. (right) Absorption 

spectrum of typical colloidal PbSe QDs studied in this dissertation. The inset is a high-resolution 

transmission electron microscopy image of a single PbSe quantum dot. The synthesis of these 

PbSe QDs is discussed further in chapter 3. 

 

Energy quantization for ~5 nm PbSe QDs (as an example) can be seen in the absorption 

spectrum. The absorption spectrum is highly structured due to the confinement of the 

exciton. Both theoretical80-81 and experimental83 works have confirmed that the first two 

absorption peaks correspond to the 1Sh1Se and 1Ph1Pe optically allowed transitions, 

respectively. Higher-energy peaks are still debated, but are thought to be due to heavily 

mixed P- and D-like states.83 

The emission properties are also tuned with size. High-quality QDs typically show 

band-edge emission (discussed in chapter 3) and as such effectively behave as a two-level 

quantum system (ignoring degeneracy) that can be used to generate single photons by the 

recombination of charge carriers.37,68,84 This occurs when a photon (energy > Eg) excites 

an electron-hole pair that then recombines by emitting a photon, termed 
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‘photoluminescence’ (Figure 2.7). Only at high-pumping powers (and low temperatures) 

do higher energy states contribute to the emission spectrum.85 In some instances, a charge 

carrier can get trapped at a surface defect (exact mechanism is still unknown) resulting in 

a charged QD. If the charged QD is then re-excited, the extra carrier results in a non-

radiative Auger process.86-88 During the Auger process, the exciton recombines and 

transfers the energy to the ‘extra’ charge, rather than emitting a photon (Figure 2.7). 

 

 
 

Figure 2.7. Schematic diagram of a (left) neutral and (center) charged QD. Excitation of the 

neutral QD leads to photoluminescence (radiative recombination), while excitation of the charged 

QD leads to non-radiative Auger recombination. At high excitation intensitites, a (right) 

biexciton (doubly excited QD) can occur. For colloidal QDs, the biexciton often decays via non-

radiative Auger processes.68,86,89  

 

At higher excitation intensities, contribution to the emission spectrum from biexciton 

(creation of two excitons in one QD) decay has also been reported for some QD 

systems.85,90 The biexciton emission peak appears on the low-energy side of the exciton 

peak because of a Coulomb-induced biexciton binding energy. Low excitation powers 

and/or filters can remove this contribution when only single photons are required. It 
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should also be noted that sequential emission of photons from biexciton and exciton 

decay has been proposed as a method of generating entangled photon pairs (a necessary 

requirement for more advanced quantum computing schemes than described herein).91  

2.3.3. Quantum Dot Types 

There are a number of methods for the preparation of semiconductor QDs. Three of the 

most common are described below: 

 Preparation in glass hosts.  QD samples are typically prepared by high-

temperature precipitation in molten glass.92-93 The method works by doping melted 

glass with the semiconductor materials, followed by rapid cooling and a secondary 

heat treatment (temperatures in the range of 400 to 700 oC) that causes the 

semiconductor QDs to precipitate and crystallize in the glass. Temperature and 

duration of the secondary heat treatment determine the QD size. This technique is 

limited by a lack of further processability that is necessary for device applications. 

 Self-assembled quantum dots. These consist of islands of a low band gap 

semiconductor embedded in a higher band gap semiconductor.94-95 The QDs 

nucleate as islands spontaneously under carefully controlled conditions. The 

nucleation occurs because the QD and substrate materials are not lattice matched 

creating strain that forms islands of the QD material on the substrate (known as 

Stranski-Krastanov instability). The islands are then capped by a higher band gap 

semiconductor. The most common examples use Molecular Beam Epitaxy (MBE) 

or Metalorganic Chemical Vapor Deposition (MOCVD). Control over the position 

of the QDs and the cost of fabrication are the two biggest challenges of this method. 
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 Colloidal quantum dots. These QDs are composed of an inorganic semiconductor 

core and are coated with an organic surfactant ligand layer, and are prepared via 

wet-chemical methods.10,14-15 Colloidal QDs are versatile due to their solution 

processability. The size and shape of the QDs are controlled by reactant 

concentrations, reaction temperature and duration, as well as the type of ligand 

molecules utilized. Colloidal QDs are the focus of this work and their synthesis is 

described in detail in chapter 3. Colloidal QDs as sources of single photons offer 

advantages over other growth methods such as substantially reduced fabrication 

costs, high quantum efficiencies, and photostability at room temperature.68 Multi-

exciton emission and recombination from higher excited states are typically reduced 

because of strong Auger processes (Figure 2.7).68,86,89 Room temperature operation 

is also typically much better than for the self-assembled QDs, as discussed further 

in chapter 5. 

2.4. Photonic Crystals 

Photons as information carriers were discussed in section 2.1 and offer several 

advantages over electrons. Despite these advantages, all-optical circuits are rarely utilized 

on a large scale. Traditionally, manipulation of photons has relied on total internal 

reflection. This poses limits on the degree of miniaturization of optical components. First 

proposed independently by John96 and Yablonovitch97 in 1987, photonic crystals (PCs) 

are a relatively new class of material that show promise for continued progress in the 

implementation of optical circuits. They are also a critical component for the successful 

design of a working SPS based on single QDs. Below is a discussion of why this is the 

case. 



 

 

24 
2.4.1. Photonic Bands 

PCs have periodic variations in dielectric constants that modify photonic modes (light 

of certain wavelengths that are allowed to travel) and thus, they directly affect the 

propagation of electromagnetic waves.96-102 In the previous section, semiconductor band 

gaps (a gap in allowed energies in which an electron is forbidden to propagate) were 

discussed and attributed to the atomic lattice that creates a periodic potential which 

affects the electrons propagating through the material. An atomic lattice is much smaller 

than the wavelength of light and therefore does not significantly alter the behavior of 

light in different media. The dispersion of light in bulk media can be approximated by ω 

= ck/n (c: speed of light in vacuum, k: wavevector of light, n: refractive index).103  

A periodic macroscopic lattice of dielectric media can cause Bragg scattering off the 

dielectric interfaces and if designed correctly can produce a photonic band gap (a range 

of electromagnetic frequencies that are forbidden within the crystal). This is the optical 

analogue of the electronic band gap in semiconductors. For PCs, the periodicity is on the 

order of the relevant wavelength of light, compared to ångströms in ordinary crystals.  

Alternating layers of two different dielectrics in one dimension is the simplest PC, known 

as a Bragg reflector. Light that satisfies an integral number of half-wavelengths matching 

the periodicity of the structure is reflected and this frequency range is known as the 

photonic band gap. The strongly modified dispersion diagram showing frequency versus 

wavevector for a one-dimensional PC is plotted in Figure 2.8.103 
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Figure 2.8. Dispersion of light in bulk material (dotted lines) and in a one-dimensional PC (solid 

lines). υ = c/n. 

 

PCs can be extended to two-dimensional and three-dimensional crystals as well (shown 

in Figure 2.9). In theory, 3D PCs can be fabricated in such a way that there exists a 

complete photonic band gap (i.e. no electromagnetic eigenmodes exist).104-105 In practice, 

3D PCs are much more challenging to fabricate, especially those with photonic gaps in 

the visible region. A special class of 2D PCs, known as PC slabs (fabricated on a 

substrate of semiconductor or insulator) are of particular interest because they offer a nice 

balance between interesting optical phenomena and ease of fabrication using silicon 

processing technologies adapted from the electronics industry, such as electron-beam 

lithography and thin-layer formation.37,106 PC slabs are discussed further in chapter 6. 
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Figure 2.9. (top) Schematic of one-, two-, and three-dimensional PCs. The different colors 

represent different dielectric constants. (bottom, left and center) Top (scale bar = 1 µm) and side 

view of a two-dimensional Si PC (free-standing membrane). (bottom, right) Example of a three-

dimensional PC (Reprinted by permission from Macmillan Publishers Ltd: Ref105, copyright 

2011). Two-dimensional Si PC images are courtesy of Dr. Jeff F. Young’s group at the University 

of British Columbia. 

 

The propagation of light in a PC is governed by Maxwell’s equations which (in the 

absence of external currents and sources) can be written as 
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where H(r) is the magnetic field of the photon, ω is its frequency, c is the speed of light 

and ε(r) is the macroscopic dielectric response function.100 Solving the above equation 

allows for the determination of the band structure for a given PC. This is typically done 
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numerically using finite-difference time-domain (FDTD) simulations.100,107 Details of the 

solution methods will not be discussed here. 

Theoretical computations provide very accurate predictions of the properties of PCs by 

solving Maxwell’s equations in a periodic dielectric medium. The greatest challenge lies 

with the difficulty in fabricating the PC structures, as the lattice constant of the PC must 

be comparable to the wavelength of the light of interest (the wavelength that is unable to 

propagate). 

2.4.2. Defects in Photonic Crystals 

The density of states g(ω) of light in a volume V is proportional to ω2 and is given by 
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where ν = c/n.44 The optical properties of an emitter depend strongly on g(ω) according 

to Fermi’s Golden Rule 
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where W is the transition rate, M is a matrix element for the interaction between initial (i) 

and final (f) states, and ħ is the reduced Planck’s constant.44 The above equation dictates 

that the rate of spontaneous emission is proportional to g(ω). Modifying the photonic 

density of states g(ω) allows control over the spontaneous emission rate of an emitter and 

this is exactly what a PC does. As discussed above, in a PC with a photonic band gap, the 

photonic density of states drops to zero for a range of frequencies (see Figure 2.10). If the 

emission frequency of the emitter coincides with the frequency of the band gap then the 

spontaneous emission is completely forbidden according to Fermi’s Golden Rule. 
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A special case exists when a local disorder is introduced into the periodicity of the 

crystal. Well-controlled defects in the periodicity can lead to localized photonic states in 

the gap (as shown in Figure 2.10). In general, the new state inside the gap created by the 

defect has a very large density of states compared to free space. Now, if the emission 

frequency coincides with the frequency of the localized mode and the emitter is near the 

defect, the spontaneous emission is accelerated due to the increase in the photonic density 

of states.108 A point defect can act as a microcavity, a line defect as a waveguide and a 

planar defect as a mirror. This means that PCs can be designed to influence not only the 

spontaneous emission rate of an emitter, but they can also manipulate and control 

photons. The enhancement of spontaneous emission in a cavity is described by the 

Purcell factor: 
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where W is the transition rate, (λ/n) is the wavelength within the material (i.e. λ is the 

free-space wavelength of light and n is the refractive index of the material), Q is the 

quality factor, and V is the mode volume of the cavity.44 Fp values greater than one mean 

that the spontaneous emission rate is enhanced compared to vacuum. Increases in quality 

factor (mode frequency/spectral width, ω/Δω) and decreases in effective mode volume of 

the cavity lead to the largest increases in Purcell factor. Q and V are therefore very 

important parameters in the design of PC cavities.37,44,106,109-110  
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Figure 2.10. A schematic of the density of states (ρdos) for the centre of a 2D PC slab structure 

without (top) and with (bottom) a defect cavity. Provided by and used with permission from Dr. 

Jeff F. Young at the University of British Columbia. 

 

2.5. Realizing a Single Photon Source with Colloidal Quantum Dots 

As discussed in section 2.2, classical light sources (such as faint laser pulses) emit a 

Poisson distribution of photons that can be detrimental to quantum applications. For this 

reason, single quantum emitters have been pursued intensively as sources of photon 

antibunching.  Initial successes in the generation of single photons were shown with 

atom- and ion-based sources (in Fabry-Perot cavities).51,56-59 The main advantages of 

atoms and ions are stability under laser excitation and highly reproducible states. 
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However, the isolation, manipulation, and trapping of single atoms (or ions) require 

complex and expensive setups that limit inevitable scale-up requirements. For this reason, 

other quantum systems were pursued such as organic molecules,60-64 color centers,65-67 

and QDs.37,40-41,68,111-112 Of these, QDs are particularly interesting because of their 

photostability, large dipole transition moments, high quantum efficiencies, and tunable 

optical transitions. 

Huge progress on single photon production has been made in the self-assembled QD 

field.40-41,111-112 The QDs are usually protected by a layer of higher band gap material 

resulting in excellent photostability. A wide range of QD materials have been 

investigated such as InAs in GaAs (spectral range of 850-1000 nm) and InAs in InP 

(spectral range of 1300-1700 nm).85 However, work on Si-based materials has been 

limited because of complex growth mechanisms and the indirect band gap. In order to 

reduce further the spontaneous emission rate of the QDs and improve on the photon 

collection efficiency, QDs can be placed inside a resonant cavity.37,40,108,111,113-118 QD-

cavity coupling can also help in rendering the emitted photons indistinguishable by 

insulating the QD from decoherence.116,118 At low temperatures (liquid helium 

temperatures) the emission quantum yield of self-assembled QDs is close to unity, but 

room temperature operation is poor because the excitons can escape to the wetting 

layers.85 

Achieving room-temperature operation and a system that works in silicon photonics, 

rather than III-V photonics, are strong motivating factors for pursuing colloidal QDs. A 

silicon photonics platform is ideal because of the large silicon processing infrastructure 

already in place from the semiconductor and electronics industry. Unlike the self-
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assembled QDs described above, colloidal QDs can be grown first in solution and then 

integrated into silicon photonics afterwards.68 Significant progress has already been made 

in the field of silicon photonics, such as 2D silicon PC slabs with high quality, small 

mode volume cavities.37 The 2D silicon PC slabs can easily be fabricated with current 

silicon processing techniques, and photonic chips that include waveguides for efficient 

cavity excitation and photon collection have been demonstrated.119 However, for 

colloidal QDs, the most studied system has been the CdSe/ZnS core/shell QDs with 

emission tunable in the visible region.84 It would be tremendously beneficial to develop 

further colloidal QD materials that emit in the NIR region for optical transmission 

between 1.3 and 1.6 µm. To date, generation of single photons from a single colloidal QD 

coupled to a silicon PC cavity has not been demonstrated.  Progress towards achieving a 

single QD at the center of a PC microcavity has been hindered because a large number of 

QDs are typically exposed to the cavity to ensure that at least one is correctly positioned.  

These issues are addressed in this dissertation. 

2.6. Objectives 

A single colloidal QD positioned at the main antinode (i.e. maximum of the electric 

field intensity of the photonic mode) of a high quality factor, small mode volume cavity 

inside a planar Si PC is an optimal SPS design.37 The QD acts a two-level quantum 

system and the PC cavity controls the spontaneous emission rate. A discrete two-level 

system is crucial to ensure single photon production. Colloidal QDs offer unique 

advantages over other QD systems in that they can be prepared inexpensively, are easily 

tuned to emit between 1.3 and 1.6 µm (which coincides with the telecommunications 

window), and may be positioned at the cavity center after PC fabrication. Planar Si PC 
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slabs are compatible with today’s semiconductor fabrication technologies, such as 

lithography and etching techniques on silicon. Additionally, waveguides can easily be 

fabricated near the PC cavity thus creating scalable photonic chips.119 Combining 

waveguides and cavities on a single chip allows for an efficient method to excite the 

cavities as well as extract the emitted photons. 

Despite these advantages, there remains a number of limiting steps in the design of 

these systems. Colloidal QDs that emit in the NIR have not received as much attention to 

date compared to those that emit in the visible region (e.g. CdSe QDs). For this reason, 

the primary objective of this work is the synthesis of high quality and (photo)stable NIR-

emitting colloidal QDs. A large portion of this dissertation examines both the conditions 

required for the synthesis and the detailed characterization (both structural and optical) of 

these types of QDs. Another important and significantly more challenging hurdle is the 

requirement for a method to incorporate a single ~5 nm NIR-emitting QD at the center of 

a PC cavity. In order to maximize the Purcell effect, the QD needs to be positioned at the 

main antinode of the cavity and any extraneous QDs need to be avoided to prevent 

multiple photon generation; this dissertation will also investigate strategies for doing so. 

The design and fabrication of the Si PC slab chips are performed by Dr. Jeff F. Young’s 

group at the University of British Columbia and will not be discussed (as part of the 

collaborative effort). The objective of this dissertation is therefore to perform detailed 

materials characterization of the systems described and to provide significant insight into 

their structure and properties in order to progress towards the overall goal of achieving a 

working SPS in the NIR.  
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Chapter 3. Synthesis and Characterization of Near-Infrared 
Emitting Colloidal Quantum Dots 

 

(Portions of this chapter have been published previously, and are reproduced in part with 

permission from ref120. Copyright 2008 American Chemical Society.) 

 

(Portions of this chapter have been published previously, and are reproduced in part with 

permission from ref121. Copyright 2010 American Chemical Society.) 

 

This chapter details the synthesis, structural characterization, and optical properties of 

lead chalcogenide quantum dots (QDs). After a brief introduction to the synthesis of 

colloidal nanocrystals, the synthetic methods for growing PbSe and PbS QDs are 

presented. These nanomaterials have optical transitions in the near-infrared region (NIR). 

The preparation of core/shell QDs using a cation-exchange approach is then presented 

and resulting increases in photostability are discussed. Cation-exchange is also shown as 

a method to convert completely PbSe QDs to CdSe and HgSe QDs. The chapter 

concludes with a section on surface modification of the oleate-stabilized QDs utilizing 

three different approaches. Although the synthetic strategies in this chapter are driven by 

the goal of achieving a working single photon source in the NIR, additional synthetic 

methods for materials with other applications (e.g. bio-imaging at 800 nm) are also 

included herein. 

3.1. Nanocrystal Colloidal Synthesis 

The synthesis of colloidal semiconductor QDs combines strategies from both inorganic 

chemistry and semiconductor materials chemistry. It is a powerful example of “bottom-

up” design with tremendous control over size, shape, and composition that ultimately 
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determine the unique electronic and optical properties of the synthesized 

nanomaterial.2,73,75-76 Solution-based chemistry offers substantial control of nanoparticle 

growth and a degree of processability that is unmatched by other semiconductor 

techniques, at a substantially reduced cost (due to the convenience of bench top 

conditions). The prepared sample must display a low degree of polydispersity (typically 

less than 10% relative standard deviation) in both size and shape if the properties of the 

material are to be understood and utilized. Additionally, in the nanometer size regime the 

surface of the QDs can dominate the electronic properties of the material and therefore it 

must be well passivated to reduce the role the surface plays (e.g. via surface trap 

states).122-124 

The prototypical example of solution-based colloidal control and still one of the best 

choices for visible applications are the II-VI CdSe QDs. In 1993, C. B. Murray et al. 

produced the first synthetic method for CdSe QDs ranging from 2-15 nm in diameter with 

narrow size distributions.125 The absorption spectra for a series of CdSe QD sizes are 

shown in Figure 3.1. There is a clear red shift in first exciton peak with increasing QD 

size, spanning the visible region (from 400 to 700 nm). These materials have shown 

potential as new fluorescent biological probes22-24 and as materials for improved 

photovoltaics18 and opto-electronics applications12. An example of a photoluminescence 

(PL) and absorption overlay spectrum for ~3 nm CdSe QDs is shown in Figure 3.2. The 

size-tunable properties of these materials arise from the ability to fabricate the QD size 

with a radius smaller than the exciton Bohr radius (~6 nm for CdSe) that results in 

quantum confinement of the QD excitons. The synthetic strategy involves the rapid 

injection of precursors into a hot solvent (300-360 °C) resulting in high-temperature 
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pyrolysis of the organometallic precursors [such as dimethylcadmium and 

bis(trimethylsilyl)selenium] in the presence of the coordinating solvents tri-n-

octylphosphine (TOP) and tri-n-octylphosphine oxide (TOPO).125 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. (top) A series of colloidal QDs excited with UV light. The change in color is 

associated wtih the change in QD size and corresponding change in quantum confinement. 

Reprinted by permission from Macmillan Publishers Ltd: Ref12, copyright 2009. (bottom) 

Absorption spectra for a series of CdSe QDs sizes prepared by C. B. Murray et al. Reprinted with 

permission from Ref125. Copyright 1993 American Chemical Society. 
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Figure 3.2. Absorption (red) and PL (green) spectra of colloidal CdSe QDs prepared by Evident 

Technologies, Inc. and measured in our lab (λex = 400 nm). 

 

The QD growth can be understood by using the classic LaMer and Dinegar model 

(Figure 3.3A), whereby QDs grow in solution via a temporally discrete nucleation event 

followed by controlled crystal growth on the existing nuclei.126-127 Initially, there is an 

abrupt increase in reagent concentration by injection of precursors that results in 

supersaturation, followed by the formation of nuclei and growth from solution. The 

reaction temperature must be tuned carefully to allow for controlled growth. The size 

distribution is initially focused over time, followed by a later growth phase known as 

Ostwald ripening involving the dissolution of small QDs and growth of the larger ones. 

Ostwald ripening occurs when the precursor elements are depleted from solution. It 

should be noted that reagent impurities may also play an important role in nucleation and 
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growth of QDs.128 An example of a typical colloidal QD growth synthetic setup is shown 

in Figure 3.3B. 

 

 
Figure 3.3. (A) The LaMer model describes the different stages of nucleation and growth in the 

synthesis of colloidal nanocrystals. (B) Synthetic apparatus for the growth of colloidal QDs. 

Reprinted with permission from Ref127. Copyright 2000 Annual Reviews. 

 

The surface of colloidal QDs is typically passivated with a capping ligand, such as 

TOP and TOPO for the CdSe QDs.127  The capping ligand needs to have a functional 

group at one end that coordinates to the surface of the QD (e.g. TOPO’s dipolar 

phosphorus-oxygen bond) and typically an alkly chain that interacts with the solvent. The 

ligands also significantly slow the growth kinetics and permit steady and controlled 

growth of the QDs. When the stabilizing ligands are attached to the QD surface they 
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prevent aggregation and allow for the particles to be dispersed in solvent (unlike self-

assembled QDs embedded in a bulk material). 

Of particular interest are high-quality QDs that operate in the telecommunication 

wavelengths of 1.3-1.6 µm or the biologically transparent window of 0.7-1.1 µm.30,129 

Efficient (and stable) infrared organic dyes are virtually non-existent and rare earth ions 

have small absorption cross sections and long lifetimes (low brightness).130-131 Compared 

to their visible and ultraviolet light emitting counterparts, lead chalcogenide IV-VI 

semiconductors are well suited for the NIR because their small bulk band gaps (PbS, 

PbSe, and PbTe have bulk band gaps of 0.41, 0.28, and 0.31 eV, respectively) and large 

exciton Bohr radii (for instance, 20 nm for PbS) allow for relatively large QDs while still 

maintaining quantum confinement.77 Larger QD sizes for the lead chalcogenide 

semiconductors can have the same confinement energy as in a much smaller crystal of 

CdSe because of the strong confinement achievable due to their large Bohr radii (small 

effective masses). Furthermore, the emission wavelength of CdSe QDs is limited to 

below ~720 nm because of the bulk band gap of 1.74 eV that makes NIR applications 

impossible. 

3.1.1. PbSe Quantum Dots 

The synthesis of high-quality colloidal PbSe QDs was first reported by Murray and co-

workers.28 They prepared PbSe QDs using a modified version of previously reported hot-

injection techniques.125 The reaction involves injecting a room-temperature solution of 

lead oleate and TOP selenide into a hot solution of diphenylether. In this case, oleate is 

used as the primary passivating ligand, rather than the traditionally used TOP and TOPO 

for CdSe QDs. 
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The synthetic method presented here is a modification of the above synthesis.28 

Following previous reports, a non-coordinating solvent (1-octadecene) was utilized that is 

both environmentally friendly and inexpensive.132 First, selenium in TOP (TOP-Se) was 

prepared by heating Se in TOP with rapid stirring inside a nitrogen atmosphere glovebox. 

Then, lead oleate was prepared by heating lead(II) oxide and oleic acid (OA) in 1-

octadecene (ODE) at 130 °C under vacuum. Subsequently, the prepared TOP-Se solution 

was quickly injected into the reaction flask while stirring vigorously under argon. PbSe 

QD size was controlled by the reactant concentrations, reaction temperature, and time. 

The final product was carefully washed, dried, and re-dispered in tetrachloroethylene 

(TCE) for photophysical characterization and/or storage. No size selective precipitation 

was required. The oleate-stabilized particles are dispersible in a wide range of organic 

solvents (e.g. TCE, hexanes, chloroform). The complete experimental method is provided 

at the end of the chapter in section 3.5. 

The above procedure produces PbSe QDs with an absorption edge ranging from 0.9 to 

2.5 µm (~2 to 11 nm in diameter) by varying the reaction temperature and time. The blue 

shift in absorption with decreasing size is consistent with quantum confinement. Pietryga 

et al. have shown that under specific synthetic conditions PbSe QDs can have well 

controlled growth and quantum confinement up to ~17 nm in diameter.133 Transmission 

electron microscopy (TEM) images show uniform size and shape for the PbSe QDs 

prepared with the reported synthetic procedure (Figure 3.4). The particles are nearly 

monodisperse with size dispersions typically close to 5%. High-resolution (HR) TEM 

images (an example is shown in Figure 3.5) show clear lattice fringes indicative of highly 

crystalline materials without visible crystal defects. The X-ray diffraction (XRD) pattern 
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shown in Figure 3.6 confirms the cubic rock salt crystal structure and PbSe lattice 

constant (0.6124 nm). Line broadening in the XRD spectra was used to calculate particle 

size using the Scherrer equation134-135 and was found to be in good agreement with TEM:  

 
θω

λ
cos
Kd =  (3.1) 

where d is the particle size, λ is the wavelength of the radiation (2.2890 Å for a Cr 

source), θ is the angle of the Bragg reflection, ω is is the peak width at half maximum, 

and K is a constant close to unity. 

 

Figure 3.4. Low magnification HR-TEM image of ~5 nm PbSe QDs. 
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Figure 3.5. HR-TEM image of ~5 nm PbSe QDs. The circled particles clearly show the QDs are 

highly crystalline. 
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Figure 3.6. XRD pattern of PbSe QDs matching the bulk PbSe rock salt structure. 

 

Room-temperature absorption spectra for a series of PbSe QDs are shown in Figure 

3.7. The sharp excitonic peaks in the absorption spectra are indicative of high-quality 

samples. For many of the samples four distinct features are observed in the absorption 

spectra. The first two exciton transitions (1Sh1Se and 1Ph1Pe) are labelled in Figure 2.6.80-

81,83 Higher-energy peaks are still debated in the literature and may be composed of 

mixed states.83 All of the QD sizes shown are substantially blue shifted from the bulk 

band gap of 0.28 eV (~4.5 µm). The PbSe QD size can be approximated using the first 

exciton peak position and the following empirical equation 

 
45.0209.0016.0

1278.0 20 ++
+=

dd
E  

(3.2) 

where E0 is the band gap (in eV units) and d is the QD diameter (in nm).136 

Solution PL from the PbSe QDs is shown in Figure 3.8. The small Stokes shift (~20 

meV) suggests band edge recombination. No trap-state emission (normally weak, broad 
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and highly Stokes shifted) was observed for these materials. PL quantum yields as high 

as 60% have been measured (by integrating sphere method) and depend strongly on QD 

size and synthetic conditions. On average, increasing Stokes shift with decreasing QD 

size was noticed. Changes in lattice relaxation with size, increases in size distribution and 

the role surface states play with decreasing size likely contribute to this observed effect. 

The full-width-at-half-maximum (FWHM) for the sample shown is ~55 meV and narrow 

compared to previous works for PbSe QDs of this size. Contributions to FWHM include 

both homogeneous (e.g. thermal broadening) and inhomogeneous (e.g. the size 

dispersion) broadening. The PL of PbSe QDs as thick films is investigated in detail in 

chapter 5. 
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Figure 3.7. Linear absorption spectra of PbSe QDs. The QD sizes range from ~1.9 to ~6.3 nm. 
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Figure 3.8. Typical absorption and band edge PL from ~5 nm PbSe QDs. The inset is a typical 

colloidal PbSe solution in TCE. 

 

A typical fluorescence decay curve is shown in Figure 3.9, measured at the peak 

emission wavelength. The observed decay time measured from the exponential fit is ~1.3 

± 0.1 µs (typically in the range of 1 ± 0.5 µs). The long lifetimes relative to CdSe QDs 

(~30 ns) is at least partially explained by a dielectric screening effect in lead 

chalcogenide materials (the dielectric constants are ~23 for PbSe and ~6 for CdSe).137 
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Figure 3.9. Photoluminescence decay for PbSe QDs and a single exponential fit (1.3 ± 0.1 µs 

lifetime). 

 

To conclude, PbSe QDs with sizes ranging from ~2 to 11 nm in diameter were 

prepared using a modified version of a previously reported hot-injection method.28,132 The 

QD band gap is tunable in the NIR region from 0.9 to 2.0 µm. The QDs have narrow size 

dispersions as confirmed by TEM and are highly crystalline forming the cubic rock salt 

crystal structure based on XRD measurements. Their narrow emission peaks and small 

Stokes shifts suggests high-quality QDs with band edge emission. 

3.1.2. PbS Quantum Dots: The Beneficial Effect of Trioctylphosphine 

PbS QDs are a practical alterative to the more widely studied PbSe QDs because of the 

reduced toxicity level of sulfur compared to selenium, but prior to this study, PbS QDs 

have shown significantly lower PL.137-140 Recently, they have also been shown to display 

significantly greater photostability than PbSe QDs.141 Colloidal organometallic synthetic 

routes for hydrophobic PbS QDs that have size-tunable NIR emission were first reported 
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by Hines and Scholes.140 They used highly reactive bis(trimethylsilyl)sulfide [(TMS)2S] 

as the sulfur source and a Pb/S molar ratio of 2:1 to synthesize PbS QDs with an emission 

peak FWHM of ~100 meV, a size dispersion of 10-15%, and a photoluminescence 

quantum yield of ~20% (relative to the dye IR-125). It is well-known that capping 

ligands, surfactants, reaction temperature, and reagents are all factors that influence the 

size, shape, and optical properties of colloidal QDs.142-143 In Hines and Scholes’ 

synthesis, the reaction temperature and oleic acid (OA), which was used as reagent and 

capping ligand, were the main factors that controlled the properties of the final PbS QDs. 

Trioctylphosphine (TOP) and octadecene (ODE) were also used as dilution solvents for 

(TMS)2S, but the authors reported no perceivable effects of these dilution solvents on the 

final products. Yet, recent NMR studies have shown that TOP may play an important role 

in the formation of metal chalcogenide QDs.144-145 Furthermore, using high-resolution X-

ray photoelectron spectroscopy (XPS), Lobo et al. showed that OA ligands preferentially 

bind to lead atoms on the surface and leave the sulfur atoms unpassivated, which allows 

for possible hole traps; however, when they synthesized PbS QDs in the presence of both 

OA and TOP, they found that the TOP ligands efficiently bonded to the sulfur surface 

sites, but no optical studies were shown.146 

In this section, the synthesis of PbS QDs is investigated to determine the specific 

influence of TOP on their morphological and photochemical properties. A modified 

synthesis of high-quality QDs using TOP is presented and the effects of the molar ratios 

of reactants and dilution conditions on the properties of the QDs are examined. It was 

found that the introduction of TOP does have a strong positive effect on the quality of the 
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PbS QDs produced and ultimately on their emission properties. The obtained QDs have a 

narrow size distribution and absolute quantum yields as high as 80%. 

Initially, reactions were guided by Hines and Scholes’ synthesis, but the reactants were 

diluted with 20 mL of ODE (a non-coordinating solvent), and (TMS)2S was diluted in 

either ODE or TOP prior to injection to avoid highly concentrated reactants and fast local 

QD nucleation. Following their reported synthesis, a Pb/S molar ratio of 2:1 was used.140 

The PbS QD nucleation and growth step typically ended at almost the same time, and 

relatively broad size distributions were observed (~150 meV). This is probably due to the 

highly reactive (TMS)2S, which causes very fast QD nucleation and growth. Meanwhile, 

PbS QDs obtained from reactions incorporating TOP possessed increased PL intensities 

and slightly narrower FWHM’s than those obtained without the incorporation of TOP. 

Reactions were then further optimized by reducing the (TMS)2S molar ratio in the 

presence of TOP. After increasing the Pb/S ratio above ~10:1, a distinct difference 

between nucleation and the growth step was observed. Finally, TOP was incorporated 

directly into the reaction flask rather than using it to dilute (TMS)2S. The final optimized 

conditions include an increased solvent dilution, a higher Pb/S molar ratio, and the 

incorporation of TOP directly into the reaction flask. The reactions are also performed 

under the same conditions without the addition of TOP for comparison purposes (see 

section 3.5 for specific synthetic details). 

A high Pb/S molar ratio could result in QDs with different surface stoichiometries than 

those typically observed and could possibly result in different optical properties, as has 

been speculated previously.147 However, in the case presented here, energy dispersive X-

ray spectroscopy (EDS) showed a stochiometric ratio of ~1:1 (Pb/S) within error for the 
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PbS QDs. Therefore, it is likely that the high Pb/S ratio and increased dilution serve only 

to slow down QD growth and counter the high reactivity of (TMS)2S. 
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Figure 3.10. (top) Absorption spectra for PbS QDs synthesized with TOP, showing increasing 

QD size from left to right (reaction times of 30 s and 1, 2, 4, and 8 min). (bottom) Emission 

spectra for PbS QDs with and without TOP (measured with a NIR-PMT detector and having 

similar optical densities). 
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Figure 3.10a presents absorption spectra for reactions with the addition of TOP 

employing a Pb/S molar ratio of 26:1 (all subsequent figures represent samples made 

with the same molar ratio for consistency). Figure 3.10b shows emission spectra for both 

experiments measured under identical conditions (equivalent optical densities, as 

determined by absorption spectroscopy). Reactions conducted with TOP present 

consistently produced more emissive QDs than reactions without TOP. In general, more 

symmetric and narrower spectral shape in the absorption and emission spectra are noticed 

which indicates more uniform QDs. These highly emissive PbS QDs have a FWHM as 

low as 49 meV and a Stokes shift as low as 7 meV (an overlay spectrum is presented in 

Figure 3.11). 
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Figure 3.11. Room temperature emission (black) and absorption (red) spectra of the presented 

PbS QDs with TOP (measured in TCE). The NIR-PMT detector cut-off is at ~1620 nm. 

 

Relative emission intensities were determined by comparing the absorbance at the 

excitation wavelength (980 nm) and the integrated area under the emission spectra for 
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QDs synthesized with and without TOP. TOP improves the PL for PbS QDs by three 

times on average (as seen by the emission peaks in Figure 3.10). Absolute quantum yield 

measurements were performed with an integrating sphere for reactions containing TOP. 

The quantum yield (QY) was found to be as high as 80% (typically seen for 4 out of 10 

reactions) for the smaller QDs (emission peaks in the range of ~1100-1300 nm) and were 

otherwise between 40-60%. For larger QDs (~1300-1600 nm) the quantum yield was 

found to be between 25-40%. These quantum yields are the highest recorded to date for 

PbS QDs in this size regime.138,140,147 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.12. TEM and HR-TEM (inset) images of PbS QDs synthesized in the presence of TOP 

(scale bar = 20 nm). Average diameter: 5.9 nm with a size dispersion of 3.7% and emission peak 

of 1591 nm. 
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Figure 3.13. XRD pattern of PbS QDs (black). The XRD pattern for bulk PbS (red) is shown as 

reference. The XRD pattern demonstrates the expected cubic rock salt structure for the PbS QDs. 

 

TEM images of the PbS QDs with TOP are shown in Figure 3.12. The HR-TEM image 

shows clear lattice fringes, and the size dispersion is below 5%, indicative of highly 

crystalline and narrowly size-dispersed QDs. The XRD pattern is shown in Figure 3.13. 

The synthesis without TOP also produced relatively narrow size distributions, though not 

to the extent of reactions containing TOP. Therefore, reactions performed using these 

modified conditions, both with and without TOP, produced QDs with narrower size 

distributions than those reported by Hines and Scholes.140 The increase in PL with TOP is 

attributed to increased surface passivation rather than a change in overall QD quality, 

although it is possible that TOP influences the reaction kinetics and growth of the QDs as 

well. Phosphorous was found to be present in the EDS spectrum of the final product, 

indicating the presence of TOP. Presumably TOP ligands are bound to the surface of the 

QDs at sulfur sites, supported by the XPS work of Lobo et al.146 
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Figure 3.14. (a) Emission spectra for PbS QDs stored in different solvents for 4 days under 

ambient lighting conditions (measured with an InGaAs detector). (b) Emission spectra for PbS 

QDs before and after a 2 week storage period in TCE in the dark (measured with a NIR-PMT 

detector).  

 

PbS QDs synthesized with TOP were redissolved into different solvents: chloroform, 

hexane, toluene, and TCE. After a 4-day storage period under ambient lighting 

conditions, the absorption and emission spectra of these QDs present small blue shifts, 
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which are attributed to photo-oxidation, but the spectral shapes had hardly changed 

(Figure 3.14a). When the PbS QDs were stored in TCE for a period of 2 weeks in the 

dark (Figure 3.14b), the shift in emission peak was almost negligible. These results 

indicate that these PbS QDs synthesized present higher photostability than PbS QDs 

previously reported.140,147 Although both the synthesis presented as well as that of Hines 

and Scholes require no post-synthesis size-selective precipitation, the latter required a 

significant size-focusing aging process afterward in an organic solvent to narrow the size 

dispersion. An interesting observation is that no size focusing is required in the synthesis 

presented here (with or without TOP) to obtain high-quality QDs (shown in Figure 3.15), 

though very small improvements in the absorbance spectral shape were noticed as well as 

small improvements in PL intensity (accompanied by small blue shifts). Therefore the 

large size-focusing observed by Hines and Scholes seems to be very dependent on 

reaction conditions because the PbS QDs grown using the synthesis presented herein 

produce QDs of high quality immediately following the reaction. 
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Figure 3.15. Absorption spectra of PbS QDs in TCE measured at different times for 24 hrs. No 

self-focusing of the size dispersion is observed over the initial 24 hr time period. 

 

Since the time of this publication120 further work has shown the benefits of TOP, 

including a substantial increase in the electrogenerated chemiluminescence intensity by 

three orders of magnitude and significant improvements in PL yield when transferred to 

water for PbS QD surfaces passivated with TOP.148-149 

To conclude this section, very photostable and highly photoluminescent PbS QDs with 

narrow size distributions were synthesized by carefully optimizing the reaction conditions 

presented in previously reported syntheses and by incorporating TOP as a capping ligand. 

Experimental results show that in dilute solvent conditions with high Pb/S molar ratios, 

TOP improves the PbS QD quality to result in QDs with significantly higher 

photoluminescence than QDs obtained without adding TOP. The PbS QDs synthesized 

with the presented conditions exibit high quantum yields that are comparable to those 

reported for PbSe QDs, which would make them more appealing candidates for 

application purposes and future studies. 
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3.1.3. 800-nm Emitting PbS Quantum Dots 

Lead chalcogenide QDs are also very attractive for biological imaging at NIR 

wavelengths where there is significantly reduced absorption and scatter by biological 

tissue (700 to 1000 nm) and organic dyes tend to emit relatively poorly.150 The synthesis 

of colloidal lead chalcogenide QDs typically involves the “hot-injection method” and 

results in rapid nucleation followed by growth of the QDs with time, as discussed in the 

previous sections.28 In the case of PbS, QDs that emit at wavelengths longer than 1 µm 

are normally produced.140 The current procedure to grow PbS QDs that emit below 1 µm, 

a requirement for bio-imaging applications, requires lower temperature and highly 

reactive H2S gas that is both toxic and difficult to work with.151 Here, a novel room 

temperature (RT) synthesis of PbS QDs is reported that results in highly reproducible 

luminescence at 800 nm. The synthetic procedure involves the generation of the highly 

reactive H2S reagent in situ, and as such does not involve handling of this toxic gaseous 

reagent. As the reaction is performed at room temperature and gives highly reproducible 

results even over an extended reaction time period, it should allow for a relatively safe 

and easy scale-up for potential bio-applications. 

Lead(II) oleate was prepared by heating lead(II) oxide and oleic acid in octadecene at 

130 °C under vacuum. The lead(II) oleate complex can be prepared in advance in larger 

quantities and stored under inert conditions if necessary. The reaction mixture was then 

lowered to room temperature under argon. Bis(trimethylsilyl) sulfide [(TMS)2S] was 

injected into the reaction mixture, followed by quick injection of a primary alcohol (e.g. 

1-butanol). No reaction occurred with the injection of (TMS)2S as evidenced by the 

reaction mixture’s lack of color. However, after injection of the primary alcohol, a rapid 

series of color changes occurred within seconds (see Figure 3.16 inset). After 10 minutes 
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the reaction was quenched in ethanol. The resulting PbS QDs have highly reproducible 

emission at 800 nm. Strategies for transferring lead chalcogenide QDs to water are 

discussed in section 3.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16. (top) H2S reaction formation scheme. (bottom) Absorption (black) and PL (red) 

spectra of PbS QDs prepared at room temperature. The inset shows the reaction progression 

within the first minute following injection of 1-butanol. 

 

The (TMS)2S is unable to react with the lead(II) oleate at room temperature in such a 

short time frame (~10 min), but rather reacts with the primary alcohol (Figure 3.16), 

releasing H2S.152 It is the highly reactive H2S that then reacts with the lead(II) oleate to 

form the PbS QDs at RT. Attempts using a tertiary alcohol (i.e. tert-butanol), rather than 

a primary alcohol, did not produce QDs due to steric hindrance effects that limited the 

formation of H2S. 
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The UV-Vis absorption and PL spectra of the PbS QDs after a 10 min reaction time can 

be seen in Figure 3.16. The PL is centered at 800 nm and is strongly Stokes shifted by 

400 meV. The increase in Stokes shift with decreasing QD size has been shown 

previously and is still not completely understood.151 The FWHM of the PL peak is 

approximately 226 meV and comparable to previous reports on PbS QDs of this size.151 

The time-resolved PL spectrum has a single-exponential time constant of 1.9 ± 0.1 µs 

(not shown). 
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Figure 3.17. Comparison of the PL intensity for PbS core (black) and PbS/CdS core/shell (red) 

QDs showing a ~4 fold enhancement. The optical densities are equivalent at the excitation 

wavelength. The core/shell QDs were formed at ~35 oC. 

 

QYs of 9 ± 2 % were determined as an average over several batches using an 

integrating sphere method. The lower QY relative to “hot-injection methods” is attributed 

to both the room temperature synthesis that results in greater disorder within the crystals 

(higher temperatures are generally thought to remove defects during growth) and the high 

surface area of the small particles that possibly has more dangling bonds. Nonetheless, 



 

 

58 
the QDs still show good emission for a room temperature synthesis. The PL can be 

enhanced further if necessary (~4 fold enhancement) by forming core/shell PbS/CdS QDs 

using a recently reported cation exchange method (see section 3.2) as shown in Figure 

3.17.153 Core/shell QDs are discussed further in section 3.2 and in chapter 4. 
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Figure 3.18. Powder XRD pattern of PbS QDs prepared at RT. The vertical bars indicate the 

peak positions for bulk PbS. 

 

The X-ray diffraction (XRD) pattern presented in Figure 3.18 clearly shows that the 

expected PbS rock salt crystal structure is still formed despite the QDs being grown at 

room temperature. From the XRD pattern it was possible to apply the Scherrer formula to 

estimate a particle diameter of ~2.4 nm. TEM images (not shown) show an increased size 

distribution compared to the hot-injection method with QD sizes ranging from ~2 to ~3.3 

nm in diameter (average ~ 2.5 nm). The small size of the QDs resulted in significant 

beam damage to the particles from the electron beam in the TEM. This resulted in 

difficulties acquiring accurate QD particle size statistics. Regardless, the size distribution 
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most certainly contributes to the broadening of the emission peak. It may be possible to 

use size-selective precipitation to separate the small QDs from the larger ones.  
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Figure 3.19. Comparison of the PL peak position for PbS QDs with a 10 min reaction (black) and 

a 12 hr reaction (red) at room temperature. 

 

Figure 3.19 is a comparison of a 10 min and a 12 hr reaction time for the presented 

synthesis. The slow growth rate is evident and attributed to the room temperature 

condition, allowing QDs with emission at 800 nm to be readily grown with high 

reproducibility. Because PbS QDs emitting at wavelengths shorter than roughly 800 nm 

cannot be isolated utilizing this procedure, nor have they been reported elsewhere, the 

size range presented is likely the most stable size of these small QDs. Finally, a red shift 

in the emission peak position and occasionally the growth of a shoulder peak at longer 

wavelengths (~1050 nm) with time after storage at ambient conditions (in the dark) was 

also noticed. This is probably due to the small size and high-surface area of these 

particles that results in either trap state emission or the aggregation of particles. A similar 
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red shift and broadening of the absorption peak was observed and therefore it is likely 

aggregation of the particles, rather than trap state emission. 

In conclusion, a facile room temperature synthesis of PbS QDs that emit with 

remarkable reproducibility at 800 nm and avoids the handling of toxic gaseous monomers 

has been presented. The simple and reproducible synthesis of these small PbS QDs is 

very promising for the field of bio-imaging, and may be amenable to a variety of 

modifications. For instance, ongoing work is investigating whether this unique room 

temperature synthesis can be applied to (TMS)2Se and (TMS)2Te to grow PbSe and PbTe 

QDs, respectively. 

3.2. Cation Exchange 

Despite their advantages, lead chalcogenide QDs have an inherent instability when 

stored under ambient conditions, presumably because of oxidation occurring at the QD 

surface.154 CdSe QDs are typically capped by growing an inorganic shell of a wider band 

gap semiconductor, such as ZnS, around the core.10,155 If both electron and hole wave 

functions remain confined to the core, then the core/shell is referred to as “type-I”.10 If 

however, the band offset is such that the electron and hole wave functions are spatially 

separated, then the core/shell is referred to as “type-II”.10 For high PL efficiency, a type-I 

core/shell structure is required.  

The shell protects the core against oxidation and removes surface defects/traps on the 

core, and the wider band gap material ensures that the electrons and holes are confined to 

the core. However, growth of a shell around the core of lead chalcogenide QDs has 

proven difficult as they are much more sensitive to heating in solution than CdSe QDs. 

Recent work by Hollingsworth and co-workers showed that PbSe/CdSe core/shell QDs 
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can be prepared at lower temperatures (< 150 oC) using a cation exchange reaction, 

whereby Pb2+ cations at the surface of the QDs are exchanged for Cd2+ (shown 

schematically in Figure 3.20).153  

 
 

Figure 3.20. Cd2+ replace Pb2+ cations at the surface of PbSe QDs resulting in PbSe/CdSe 

(idealized) core/shell QDs. 

3.2.1. PbSe/CdSe Core/Shell Quantum Dots 

PbSe/CdSe core/shell QDs were prepared from the PbSe core QDs using a modified 

version of the cation exchange reaction reported by Hollingsworth and co-workers.153 

Cadmium-oleate is prepared by heating cadmium acetate in ODE and OA at 130 °C 

under vacuum. The solution is then lowered in temperature (typically 70 °C) under argon, 

followed by injection of PbSe QDs dissolved in ODE. The procedure results in exchange 

of Pb2+ cations at the surface of the QDs for Cd2+ cations, effectively forming a core/shell 

structure with an equivalent total particle size. The much larger band gap of CdSe should 

ensure that charge carriers remain confined to the PbSe core. Cd2+ cations were always 

held in excess and shell thickness was controlled by reaction temperature (higher 

temperatures leads to thicker shells). The procedure works on PbS153 and PbTe156 QDs as 

well, but this dissertation will focus on work done with PbSe QDs. 
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Figure 3.21. XRD patterns for core/shell (top), core (middle), and standards PbSe and CdSe 

(bottom). 

 

Both the PbSe precursor and PbSe/CdSe core/shell QDs were characterized by XRD, 

as shown in Figure 3.21. The XRD patterns for both the PbSe and PbSe/CdSe core/shell 

QDs match the bulk PbSe cubic rock salt structure, with the core/shells showing slightly 

broader line widths. The energy-dispersive X-ray spectroscopy (EDS) data show 

conclusively the presense of cadmium in the core/shell QDs, even after multiple washing 

stages (not shown). Typically, large Pb/Se ratios (1.8:1) were observed for the PbSe core 

QDs, in agreement with previous reports of surface lead oleate moieties.157 Furthermore, 

the sum of lead and cadmium atomic percentages for the core/shell QDs was always 

higher than the value for selenium (1.4:1), consistent with excess cadmium present on the 

surface of the core/shell QDs, presumably as cadmium oleate moieties. HR-TEM images 

(example shown in Figure 3.22) confirmed the same particle size (4.8 ± 0.3 nm for the 

example shown) for the core and core/shell QDs, supporting a core/shell structure formed 
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through cation exchange. PbSe and PbSe/CdSe QDs both show clear lattice fringes and 

small size distributions (~5 %). The HR-TEM images of PbSe/CdSe QDs show some 

indication of shell formation near the edges of the particles, but due to thin shell 

thicknesses and the low contrast between core and shell materials, it is difficult to say 

definitively whether complete shell formation had occurred with this technique (standard 

HR-TEM). Chapter 4 presents an in-depth structural characterization of these core/shell 

QDs. 
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Figure 3.22. TEM images of PbSe core (top) and PbSe/CdSe core/shell (bottom) QDs. 
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The blue shift in the absorbance and PL for the core/shell QDs relative to the PbSe 

precursor QDs, in solution, is clearly shown in Figure 3.23. The blue shift is consistent 

with Pb2+ cations at the surface of the QD being exchanged for Cd2+ cations, forming a 

core/shell structure with an effectively smaller core. The absorption spectrum still shows 

several peaks corresponding to distinct excitonic transitions, fully consistent with high-

quality core/shell samples. The room-temperature PL peak of the core/shell QDs, shown 

in Figure 3.23, has both an increased Stokes shift of 48 meV (16 meV for the PbSe QDs) 

and an increased FWHM of 115 meV (70 meV for the PbSe QDs). As discussed 

previously by Hollingsworth and co-workers,153 these core/shell samples exhibit 

improved photostability. PbSe/CdSe core/shell QDs prepared on the same day as a batch 

of PbSe core QDs and stored under identical conditions showed virtually no blue shift 

(Figure 3.24). The blue shift common in bare PbSe QDs is thought to be caused by photo-

oxidation at the surface, which presumably the CdSe shell prevents.  

 

 

 

 



 

 

66 

0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
0.0

0.4

0.8

1.2

 

 

Ab
so

rb
an

ce
 (n

or
m

al
ize

d)

Energy (eV)

(a)

 

0.7 0.8 0.9 1.0 1.1
0.0

0.2

0.4

0.6

0.8

1.0

 

 

PL
 In

te
ns

ity
 (n

or
m

al
ize

d)

Energy (meV)

(b)

 
Figure 3.23. (a) Absorbance and (b) PL spectra of PbSe core (solid) and PbSe/CdSe core/shell 

(dash) QDs. 
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Figure 3.24. Absorbance spectra of PbSe core (top) and PbSe/CdSe core/shell (bottom) QDs 

initially and after 5 weeks stored in TCE in the dark under ambient (no deaeration). 

 

Under the synthetic conditions presented here, shell thickness is controlled primarily by 

reaction temperature. Higher reaction temperatures lead to thicker CdSe shells. The core 

size (and shell thickness) can be monitored by absorption spectroscopy (as shown in 

Figure 3.25). TEM images consistently confirmed the total particle sizes had not changed 
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after the cation exchange reaction. This strongly suggests that the blue shift in absorption 

is associated with an effective decrease in core size resulting from the cation exchange. 

Hard proof of the core/shell structure is given and discussed in chapter 4.  
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Figure 3.25. Absorption spectra for similar size PbSe core precursor material (solid lines) and 

corresponding PbSe/CdSe core/shell QDs (dashed lines) spectra after cation exchange at 

different temperatures (65, 85, and 105 oC). 

 

In general, it was noticed that smaller QDs blue shifted more than larger QDs under the 

same cation exchange reaction conditions (see Figure 3.26). This suggests that the surface 

free energy of the QDs plays an important role in the cation exchange process. 
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Figure 3.26. Absorption spectra of two different size PbSe core QDs and the resulting spectra for 

PbSe/CdSe core/shell QDs under the same reaction conditions. A reaction temperature of 75 oC 

was used. 

 

The small lattice mismatch between rock salt PbSe and zinc blende CdSe bulk lattice 

parameters (they differ by less than 1%) results in significant challenges in determing the 

internal structure of these materials, especially in this small size range. Yet, the 

composition of the shell and interface will have a very big impact on the electronic 

properties of these materials. Chapter 4 investigates further the core/shell structure of 

these new materials using advanced characterization techniques. 

To conclude, PbSe/CdSe core/shell QDs with improved photostability were prepared 

using a cation exchange reaction. A smaller PbSe core size after cation exchange leads to 

an observed blue shift in absorption and PL. TEM images confirmed the core/shell QD 

size is the same as the PbSe QD precursor material. 
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3.2.2. CdSe Quantum Dots 

For the core/shell QDs prepared by cation exchange, control over shell thickness is 

achieved primarily by reaction temperature and time (Cd-oleate is held in excess). 

Formation of CdSe QDs by complete cation-exchange can occur at elevated temperatures 

(180 °C) under the conditions presented above. Previous work by Hollingsworth and co-

workers reported that the exchange is a self-limiting process with a terminal shell 

thickness of 1.5 nm; however, they primarily investigated reaction times at a single 

temperature (100 °C).153 The XRD spectrum of CdSe QDs formed by cation exchange is 

shown in Figure 3.27. The pattern matches with the bulk zinc blende CdSe structure. The 

retention of the cubic structure, rather than formation of the more common Wurtzite 

(hexagonal) CdSe structure suggests that the anion sublattice is maintained with fast 

exchange of Pb2+ cations for Cd2+. 
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Figure 3.27. XRD spectrum of cubic CdSe QDs formed by complete cation exchange. 
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The absorption spectrum (Figure 3.28) has distinct excitonic peaks in the visible region 

that are indicative of a high-quality sample. However, the PL spectrum (inset, Figure 

3.29) is broad and significantly Stokes shifted suggesting the emission is defect related. It 

could also be that small amounts of remaining Pb2+ cations within the QDs play a role in 

the observed spectra. Lifetime measurements (shown in Figure 3.29) indicate that the 

lifetime is multi-exponential (τ1 ~531 ± 50 ns and τ2 ~3.6 ± 0.4 µs) and is significantly 

longer than standard CdSe QDs (typically in the range of ~30 ns), thus indicative of trap 

state emission.158 
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Figure 3.28. Absorption spectrum of CdSe QDs formed by complete cation exchange at 180 °C. 

Clear excitonic transitions, shown with arrows, can be seen in the absorption spectrum. 
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Figure 3.29. Lifetime decay curve of CdSe QDs. PL spectrum shown in inset. 
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Figure 3.30. HR-TEM images of (top) PbSe and (bottom) CdSe QDs. Stacking faults are present 

in some of the CdSe QDs (example shown with yellow circle). 
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HR-TEM images of the CdSe QDs before and after exchange are shown in Figure 3.30. 

Both the size and uniform shape are preserved after cation exchange. The CdSe QDs 

remain highly crystalline, but some particles show crystallographic defects (e.g. stacking 

faults) within the QD. The defects may cause inter-gap states that could explain the 

observed Stokes shifted PL and the long lifetimes. 

To conclude, CdSe QDs were prepared by complete cation exchange of Pb2+ for Cd2+ 

cations, starting from PbSe QDs. XRD patterns match those of cubic zinc blende CdSe, 

suggesting that the anion sublattice is maintained during fast cation exchange. 

3.2.3. HgX (X = S, Se, Te) Quantum Dots 

The lead chalcogenides (PbX, X = S, Se, Te) have a centrosymmetric cubic rock salt 

structure. The symmetry should result in no non-linear χ2 properties (i.e. no optical 

second-harmonic generation). Therefore, it may be of interest to develop QDs that both 

emit in the NIR and have a non-centrosymmetric structure for certain applications. 

Mercury chalcogenides (HgX, X = S, Se, Te) are typically zinc blende materials and 

therefore non-centrosymmetric.159 It is expected that they should display a non-zero 

second-order optical nonlinearity.  

Of course many materials have a zinc blende structure, but HgX in particular are an 

interesting class of semiconductors because of their almost zero band gaps (HgSe = -0.07 

eV, HgS = -0.19 eV, HgTe = -0.15 eV) that should translate to relatively narrow band 

gaps in the quantum confinement regime.160 So far, there have been limited reported 

synthetic methods for obtaining high-quality HgX QDs when compared to the well-

developed cadmium and lead chalcogenides that show efficient emission in the visible 

and near-infrared (NIR), respectively. The best synthetic routes reported for the 
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preparation of HgX QDs have been based on thiol-capping in aqueous medium.161-162 In 

that case, transfer to organic solvents required a ligand-exchange procedure. Direct 

synthesis of HgX QDs in organic solvents presented problems with stability of the 

particles and uncontrolled growth.163-164 Furthermore, many of the reported synthetic 

routes use organometallic reagents that are extremely toxic and difficult to work with 

(e.g. hydrogen telluride gas). 

This section describes the synthesis of HgX QDs using a complete cation-exchange 

procedure between Pb2+ and Hg2+ cations, utilizing PbX QDs as a precursor material. The 

synthetic method is the same as described previously for PbSe/CdSe and CdSe QDs by 

cation exchange, but cadmium acetate is replaced with mercury acetate (equivalent molar 

amount). Complete exchange of Pb2+ for Hg2+ cations occurs at 70 °C, much lower than 

the 180 °C reaction temperature required for the CdSe QDs. 

 

 

 

 

 

 

 

Figure 3.31. (left) XRD pattern for HgSe and (right) HgS QDs. The inset is a colloidal 

dispersion of HgS QDs in TCE. 

 

Figure 3.31 shows XRD patterns for HgSe and HgS QDs prepared from PbSe and PbS 

QDs, respectively. The XRD patterns match the bulk zinc blende structures. The inset of 
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Figure 3.31 shows the resulting high-quality colloidal dispersion in TCE solvent. EDS 

(elemental analysis spectra not shown) also confirmed that Hg2+ has completely replaced 

the Pb2+ cations. These materials have PL in the NIR region at ~1200 nm (see Figure 

3.32); however tunability of PL peak position was limited. Initially, it was anticipated 

that differently sized PbX QDs precursor materials would generate correspondingly 

differently sized HgX QDs using the same reaction temperature (~70 oC). However, it 

was observed that differently sized PbX QDs typically resulted in similar HgX QD 

emission peak position (~1200 nm) suggesting dissolution and reprecipitation of the QDs. 

This is further confirmed by disappearance of the brown color of the PbSe QDs precursor 

material during the cation exchange reaction (not the case for Cd2+ cations). These 

conclusions are supported by TEM images (not shown) that showed different particle 

sizes compared to the original PbSe QDs. 
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Figure 3.32. PL spectra of HgSe QDs in TCE. 
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The stark difference between Cd2+ and Hg2+ cations could be the result of a very high 

affinity of Hg2+ cations for the chalcogenide anions. Although the method is 

comparatively easier and safer than standard HgX QD preparation methods, the lack of 

size tunability minimizes the methods’ usefulness and was not pursued further.  

To conclude, HgX (X = S, Se) QDs were prepared by exposing PbSe QDs to Hg-oleate 

at 70 oC. XRD patterns confirm that HgX was indeed made. However, a lack of tunability 

in the PL peak position, as well as different particle sizes after exchange (confirmed by 

TEM), suggest dissolution and reprecipitation of the QDs, rather than complete cation 

exchange. This contrasts the cation-exchange with Cd2+ cations. 

3.3. Surface Modification 

All of the above synthetic strategies involve nanoparticles synthesized in organic 

solvents, but for many applications phase-transfer to more polar solvents is critically 

important for expanding the potential applications. For example, transfer to water (and 

physiological buffers) is crucial for bio-imaging. In many instances, the oleates on the 

surface of the QDs may also limit device integration; therefore, developing methods to 

modify the surface of the QDs (while maintaining PL properties) becomes of paramount 

importance. Three surface modification strategies are discussed and compared below: 

silica-coating, ligand exchange, and ligand intercalation. Unlike CdSe QDs, for PbSe 

QDs there exist only a handful of reported surface modification techniques that retain the 

initial high-quality optical properties observed in organic solvent after phase-transfer.165-

167 Of the three methods discussed and compared herein, the PEG-oleate intercalation 

shows the most promise for retaining the PL properties of the original QDs prior to 

surface modification. 
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3.3.1. Silica-coating 

Phase-transfer to water can be achieved by coating the hydrophobic QDs with a shell of 

silica.168-170 In addition to phase-transfer, silica could lead to less toxic materials by 

encapsulating the heavy metals in a bio-compatible matrix. It is also an obvious choice 

for compatibility with silicon-based photonics (as will be discussed in chapter 6). 

Additionally, silica has silanol groups present on the surface that makes further surface 

chemistry possible.171  

The Stöber method for the preparation of monodisperse silica particles has been 

expanded on to directly coat nanoparticles with silica.172 It involves the hydrolysis of 

TEOS with water in the presence of ammonia as a catalyst, whereby the nanoparticles act 

as seeds for silica growth. However, the Stöber method has the obvious drawback of 

having to disperse nanoparticles in ethanol/water prior to the silica-coating. For 

hydrophobic QDs with nonpolar ligands, the standard Stöber method is not an option and 

a new strategy is required.  A water-in-oil microemulsion system that combines the 

Stöber synthesis is an ideal methodology for silica-coating hydrophobic QDs and has 

successfully been applied to a number of nanoparticle types.173 In 2006, Thomas Nann 

and co-workers presented the first study on silica encapsulated PbSe QDs.174 Although 

they were able to coat the QDs to some extent, they did not provide any PL studies. 

The method herein is adapted from Ref173 and involves a microemulsion system with 

cyclohexane as the oil phase and Synperonic NP-5 as surfactant. It is thought that 

exchange of the oleates with TEOS occurs spontaneously followed by transfer to the 

hydrophilic phase of the microemulsion where shell growth occurs.174 Incorporating a 

single QD per silica bead on average is a considerable challenge and it requires careful 

control over reactant and nanoparticle concentrations. Following previous reports, 
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cyclohexane, NP-5, TEOS, and the PbSe QDs were mixed together first. Subsequently, 

ammonia aqueous solution (33 wt %) was injected to initiate shell growth. The solution 

was stirred for 24 hrs, followed by washing and isolation. The silica-coated PbSe QDs are 

stable in ethanol and water solvents. 

TEM images of silica-coated PbSe QDs are shown in Figure 3.33. For most of the 

particles, a single PbSe QD is encapsulated per bead. Qualitatively, it was noticed that 

small QDs (~3-5 nm) were partially dissolved by the ammonia catalyst, consistent with 

previous reports.174 However, starting from larger PbSe QDs (~5-7 nm) resulted in 

significantly reduced etching of the QDs. Despite the excellent coating of the PbSe QDs, 

no PL signal was found after silica coating. This could explain the absence of PL spectra 

in previous reports.173-175 No improvements were found when the procedure was 

perfomed on PbSe/CdSe core/shell QDs. For this reason, the method was abandoned and 

other strategies investigated (discussed below). 
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Figure 3.33. TEM images of silica-coated PbSe QDs. 

 

In conclusion, silica-coated PbSe QDs were prepared by a water-in-oil microemulsion 

Stöber method. Although the QDs were uniformly coated with silica, PL was not retained 

after coating. 
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3.3.2. PVP-COOH 

Ligand exchange is a versatile strategy for phase-transfer.176-179 Yet, despite the 

tremendous successes with CdSe QDs (especially CdSe/ZnS core/shell QDs), it is still 

extremely challenging to maintain the initial optical properties after ligand exchange for 

PbSe QDs. To date, only thiol ligands and polyacrylic acid (PAA) have been shown to 

retain the PL signal in polar solvents, although with reduced quantum efficiencies.165-167 

Thiol ligands typically show red shifts in PL after exchange which has been attributed to 

a change in electronic density and confinement due to the Pb-thiol bond, though growth 

of the QD size by agglomeration may also play a role. PAA exchange resulted in blue 

shifts in the emission spectra and was consistent with smaller particle size, as confirmed 

by TEM. A new exchange method based on the polymer polyvinylpyrrolidone (PVP) is 

presented here for effective transfer of the QDs to polar solvents. 

PVP is an amphiphilic polymer that offers solubility in water and in a range of organic 

solvents. It also coordinates nicely towards many inorganic nanoparticles offering one of 

the highest protective values for stabilizing nanoparticles among water soluble 

polymers.180 Furthermore, it is highly biocompatible and non-toxic.181-182 To further 

increase PVP’s affinity for the PbSe QD surface, it was modified to form the end-

functionalized PVP-COOH.183-184 It is expected that the carboxylic acid end groups will 

coordinate to the surface of the QD providing increased particle stability. The PVP 

synthesis and modification is shown schematically in Figure 3.34. 
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Figure 3.34. (top) Reaction scheme for the synthesis of PVP-COOH polymer (see section 3.5). 

(bottom) Before (left) and after (right) ligand exchange with PVP-COOH on PbSe QDs. 

 

PbSe QDs were mixed with PVP-COOH polymer in chloroform overnight at 40 °C. 

The particles were then crashed out of solution using excess diethyl ether, dried under 

argon and redispersed in different solvents. The ligand-exchange resulted in PbSe soluble 

in a wide range of solvents, such as DMF, ethanol, and water. For all solvents, the 

colloidal dispersion was excellent and no aggregation or precipitate was observed. TEM 

images (shown in Figure 3.34) confirm the QDs are well separated after exchange. The 

decrease in long range packing order is attributed to the random coil nature of the 

polymer on the surface of the QDs compared to oleate ligands. A decrease in particle size 

was also observed, consistent with observed blue shifts in PL after exchange. The 
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decrease in particle size is attributed to etching when the surface bound Pb-oleates are 

removed and replaced by the PVP-COOH polymer. 

DMF (Figure 3.35) and ethanol (Figure 3.36) solvents both retained the original PL 

signal intensity, but were comparatively blue-shifted to the original QDs in TCE. It was 

observed that the degree of blue shifting was related to the initial size of the PbSe QDs. 

Smaller QDs showed a much larger blue shift after exchange compared to larger QDs. 

PbSe QDs dispersed in water showed significantly reduced PL signal intensity compared 

to the starting material in TCE (Figure 3.36). The strong absorption of water in the NIR 

due to –OH groups may play a role in the poor signal. It is well known that the PVP 

polymer is very hygroscopic. In the next section, PEG-oleate ligands are shown to retain 

the original PL intensity in water because of their ability to keep water away from the 

surface of the QDs. 
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Figure 3.35. PL spectra of oleate-capped PbSe QDs in TCE versus the new PVP-COOH 

stabilized PbSe QDs in DMF. 
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Figure 3.36. PL spectra for PbSe QDs dispersed in different solvents. 

 

Regardless of the excellent colloidal stability in a wide range of solvents, the PL signal 

intensity only lasted ~1-2 days, dropping off very quickly under ambient storage 

conditions (Figure 3.37). This could be associated with the PVP polymer’s ability to 

absorb water very efficiently.183-184 Water clearly has a detrimental effect on the optical 

properties of PbSe QDs when in contact with the particle surface. Further work on this 

will be necessary to elucidate the exact mechanism. No significant improvements in 

(photo)stability were observed for PbSe/CdSe core/shell QDs. 
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Figure 3.37. PL spectra for PbSe QDs with PVP-COOH in ethanol after 1 week. 

 

To conclude, a new ligand exchange method was presented that involves exchanging 

the surface bound oleates on PbSe QDs for PVP-COOH. The newly functionalized QDs 

are dispersible in a wide range of solvents (e.g. water, ethanol, DMF) and retain their PL 

initially. However, after a short period (1 or 2 days), the PL is substantially reduced. The 

drop in PL yield is attributed primarily to surface bound water absorbed by the PVP-

COOH polymer. 

3.3.3. PEG-oleate 

Ligand intercalation is the inclusion of a molecule between two other surface ligand 

molecules on the nanoparticle (schematic shown in Figure 3.38), rather than replacing the 

initial capping ligands. If an amphiphilic molecule such as poly(ethylene glycol) 

monooleate (PEG-oleate) is used for the intercalation, it is possible to cause the 

hydrophobic tail to interdigitate with the hydrophobic oleate ligands on the surface of the 

QDs, by careful control of solvent and reaction conditions. The newly functionalized 
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QDs will have the hydrophilic part of the amphiphilic PEG-oleate molecule orientated 

outwards resulting in good dispersibility in water. Intercalation offers an advantage over 

the aforementioned methods in that the oleate ligand layer remains intact on the surface 

and any solvent effects are minimized (i.e. water cannot absorb on to the surface of the 

QD easily). Ligand intercalation has been applied successfully to a number of visible-

emitting QDs,185-186 but work on NIR-emitting PbSe QDs is non-existent (some recent 

work on PbS QDs with PMAO-PEG has been done149,187-188). No work to date has been 

reported for PbSe QDs, which are known to be less stable than PbS QDs.141 

 
Figure 3.38. Schematic of PEG-oleate molecules interdigitated with the oleate ligands on the 

surface of PbSe/CdSe core/shell QDs. 

 

PbSe QDs were transferred to water via PEG-oleate molecules. PEG-oleate is an 

inexpensive commercially available polymer that has low toxicity.189 The intercalation 

was performed by mixing PbSe QDs in chloroform with the PEG-oleate molecules 

overnight at RT. The next day the chloroform was gently evaporated using an argon flow 



 

 

87 
and then vacuum. The QDs were heated slightly at 60 °C for 10 min before addition of 

water. Water was added very slowly forcing interaction with the polar head groups of the 

PEG-oleate facing out towards the solvent. Intercalation occurs as the PEG-oleate 

molecules try to minimize their free energy when they are subjected to the addition of 

water.  

The intercalation resulted in high-quality dispersions of PbSe QDs in water and 

retention of PL signal (see Figure 3.39). The PL spectral shape remains Gaussian, but a 

noticeable blue shift was observed (~100 nm). The blue shift in PL is likely caused by 

etching, but the exact mechanism is unclear. After 1 month storage in the dark in water, 

the PbSe QDs blue shifted further by ~80 nm. 
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Figure 3.39. PL spectra of PbSe QDs in TCE and after ligand intercalation in water (initially and 

after 1 month).  

 

To improve photostability over the original core QDs and minimize the amount of blue 

shifting (i.e. PbSe core etching), PbSe/CdSe core/shell QDs prepared by cation exchange 

were utilized for the intercalation. No shift in PL position was observed for the core/shell 
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QDs, as shown in Figure 3.40. The change in spectral shape observed can be attributed to 

strong absorbance of water in the NIR at ~1400 nm (Figure 3.41). 
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Figure 3.40. PL spectra for PbSe/CdSe core/shell QDs in TCE (red) and after PEG-oleate 

intercalation in water (blue). 
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Figure 3.41. Absorbance spectrum of water showing significant absorption in the NIR regions. 
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Figure 3.42. PL photostability of the PEG-oleate capped PbSe/CdSe core/shell QDs in water. The 

same solution concentration and measurement conditions were used for both spectra. 

 

Furthermore, the newly formed colloidal QDs displayed greater PL stability in water 

than either of the silica-coating or ligand exchange methods (shown in Figure 3.42). After 

2 months, the PL signal intensity had not reduced and the spectral shape and position had 

remained the same. 

In conclusion, a facile and inexpensive method to transfer PbSe QDs to water was 

presented. PEG-oleate is found to interdigitate with the QDs surface bound oleates, 

rendering the QDs water soluble. After interdigitation, PbSe QDs maintain PL but show a 

significant blue shift in PL peak position. To prevent this, more robust PbSe/CdSe 

core/shell QDs were utilized and were found to maintain PL peak position after 

exchange. The PbSe/CdSe core/shell QDs maintain their PL quantum yield and peak 

position in water even after two months storage.  
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3.4. Conclusions 

PbSe and PbS colloidal QDs have been prepared by rapid injection of organometallic 

reagents in a non-coordinating solvent. A detailed structural and optical investigation was 

performed. The QD size is controlled to give optical transitions in the NIR (between 0.9 

and 2 µm) that are compatible with today’s telecommunications window. Their atomic-

like discrete energy levels and band-edge PL suggest that these QDs would be candidates 

for single-photon emission. To further improve their photostablity, a cation-exchange 

method utilizing Cd2+ was investigated to produce core/shell QDs. Zinc blende CdSe and 

HgX QDs were also prepared by complete cation exchange of the lead salt QD precursor. 

Phase-transfer of PbSe and PbSe/CdSe core/shell QDs to polar solvents was performed 

via silica-coating, ligand exchange and intercalation. Of the three methods investigated, 

intercalation with PEG-oleate offers the best combination of stability and PL retention. 

3.5. Experimental Section 

Reagents and Materials. Lead(II) oxide (powder, 99+%), lead(II) acetate trihydrate 

(99.999%), selenium (powder, 99.5+%), cadmium acetate hydrate (99.99+%), mercury 

acetate hydrate, bis(trimethylsilyl) sulfide [(TMS)2S] (synthesis grade), octadecene 

(ODE) (tech. grade, 90%), oleic acid (OA) (tech. grade, 90%), trioctylphosphine (TOP) 

(tech. grade, 90%), tetrachloroethylene (TCE) (ACS reagent grade, 99+%), and 

Synperonic NP-5 were all purchased from Sigma-Aldrich. Chloroform (spectroscopic 

grade) and toluene (spectroscopic grade) were obtained from Caledon Laboratories LTD. 

Hexane (ACS reagent grade) was obtained from EMD Chemicals Inc. 1-Butanol was 

obtained from Fisher Scientific and tert-butanol from ACP Chemicals Inc. All the 
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chemicals were used as received. Poly(ethylene glycol) monooleate (PEG-oleate), Mn 

~860, was purchased from Sigma-Aldrich. 

Synthesis of PbSe semiconductor nanocrystals. Selenium in TOP (TOP-Se) was 

prepared first by heating 0.79 g of Se in 25 mL of TOP with rapid stirring inside a 

nitrogen atmosphere glovebox. Once the solution turned clear (~ 1 hr), the heating was 

removed and the solution was stored at room temperature. Lead(II) oxide (2 mmol), ODE 

(30 mL) and OA (1.3 mL) were then loaded into a 100 mL three-neck flask. The mixture 

was heated to 130 °C under vacuum for at least 2 hrs to ensure all of the PbO had 

dissolved. The solution was then bubbled with argon and the temperature was tuned to 

the range of interest (typically between 80 and 150 oC). Subsequently, 5 mL of the 

prepared TOP-Se solution was quickly injected into the reaction flask while stirring 

vigorously. PbSe QD size was controlled by the reaction temperature and time. The final 

product was quickly quenched into absolute ethanol (~ 100 mL) while stirring. The 

product was washed and centrifuged at least four times with absolute ethanol until the 

QDs were completely precipitated. No size selective precipitation was required. The QDs 

were dried with a stream of argon and dissolved in TCE for photophysical 

characterization and/or storage. 

Synthesis of PbS semiconductor nanocrystals. PbS QDs were synthesized by adding 

lead(II) acetate (1 mmol), ODE (20 mL), TOP (2 mL), and OA (1.28 mL, 4 mmol) to a 

three-neck flask. The mixtures were heated under vacuum at 120 °C until the frothing had 

subsided and all of the lead acetate had dissolved (~1 hr). The solution was then bubbled 

with argon under vigorous stirring for 15 min to ensure that all air was removed. 

Subsequently, (TMS)2S (4-16 µL) was quickly injected into the reaction flask while 
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stirring vigorously. Reaction samplings (1 mL) (e.g. 30 seconds, 1, 2, 4, 8, and 12 min) 

were quenched by quick injection into cold (~3 °C) absolute ethanol (20 mL) and the 

final products were poured into absolute ethanol (100 mL) while stirring. The products 

were centrifuged to form two layers. The colorless, upper ethanol phase was removed, 

and the lower brown layer was recombined with fresh room temperature absolute ethanol 

while stirring, and was centrifuged again. This was repeated at least three times with 20 

mL of absolute ethanol until the brown, lower organic phase disappeared, and the black 

QDs were completely precipitated. The QDs were dried with a stream of argon and 

dissolved in TCE for photophysical characterization. Reactions without TOP were 

performed as stated above, but by replacing the TOP with an equivalent volume of ODE. 

Solvent effects on QD storage were studied by dissolving the QDs into chloroform, 

toluene, TCE, and hexane. Before each photophysical measurement, QD solutions from 

different solvents were dried with argon and re-dissolved into TCE. 

Synthesis of PbS nanocrystals with 800 nm emission. Lead(II) oleate was prepared 

by heating lead(II) oxide (1 mmol) and oleic acid (2.5 mL) in octadecene (20 mL) at 130 

°C under vacuum (~2 hrs). The lead(II) oleate complex can be prepared in advance in 

larger quantities and stored under inert conditions if necessary. The reaction mixture was 

then lowered to room temperature under argon. Bis(trimethylsilyl) sulfide [(TMS)2S] (21 

µL) was injected into the reaction mixture, followed by quick injection of a primary 

alcohol (e.g. 1-butanol) (3.5 mL). No reaction occurred with the injection of (TMS)2S as 

evidenced by the reaction mixture’s lack of color. However, after injection of the primary 

alcohol, a rapid series of color changes occurred within seconds. After 10 min, the 

reaction was quenched in absolute ethanol (100 mL) while stirring. The products were 
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washed and centrifuged at least three times with absolute ethanol until the QDs were 

completely precipitated. The QDs were dried with a stream of argon and dissolved in 

hexanes (or TCE) for photophysical characterization. The resulting PbS QDs have highly 

reproducible emission at 800 nm. 

Synthesis of PbSe/CdSe core/shell nanocrystals. Cadmium acetate (2 mmol), ODE 

(6.6 mL) and OA (5.1 mL) were loaded into a 50 mL three-neck flask. The mixture was 

heated to 130 °C under vacuum for at least 2 hrs. The solution was then bubbled with 

argon and the temperature lowered to 70 °C. Subsequently, 30-40 mg of PbSe QDs 

(dissolved in 0.8 mL of ODE) were injected into the reaction flask while vigorously 

stirring for 25 min. The final products were quickly quenched with methanol (~ 100 mL) 

while stirring. The products were washed and centrifuged twice with methanol, followed 

by at least two more times with absolute ethanol until the QDs were completely 

precipitated. The QDs were dried with a stream of argon and dissolved in TCE for 

photophysical characterization. 

Synthesis of CdSe semiconductor nanocrystals. The synthetic procedure follows the 

PbSe/CdSe core/shell procedure with a temperature of 180 °C for the cation-exchange 

reaction. 

Synthesis of HgX semiconductor nanocrysals. The synthetic procedure follows the 

PbSe/CdSe core/shell procedure, with mercury acetate replacing the cadmium acetate 

reagent (equivalent molar amounts). A reaction temperature of 70 °C was utilized. 

Silica-coating synthetic procedure. 10 mL of cyclohexane, 1.3 mL of NP-5, 400 µL 

of PbSe solution and 50 µL of TEOS were mixed for 30 minutes. Subsequently, 100 µL 

of ammonia aqueous solution (33 wt %) was then injected to initiate shell growth. The 
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solution was stirred for 24 hrs. The particles were preciptitated using acetone and 

centrifuged/washed with ethanol. Sonication was used to redisperse the particles in 

ethanol or water. The exact PbSe QD concentration was determined on a batch to batch 

basis, as changes in particle weight (due to differences in ligand amounts) result in 

substantially different QD concentrations. 

PVP-COOH ligand exchange procedure. PVP-COOH was prepared according to 

Refs183-184. The molecular weight of the polymer is ~1800 g/mol; determined by MALDI-

MS. PbSe QDs (~5 mg) were mixed with PVP-COOH polymer (400 mg) in chloroform 

(~ 6 mL) overnight at 40 °C. The particles were then precipitated from solution using 

excess diethyl ether (~500 mL), dried under argon and redispersed in different solvents 

(e.g. ethanol, water, DMF). Excess polymer was removed by centrifugation. 

PEG-oleate intercalation procedure. PbSe QDs were transferred to water via the 

PEG-oleate molecules. The intercalation was performed by mixing PbSe QDs (~10 mg) 

in chloroform (~5 mL) with the PEG-oleate molecules (~500 mg) overnight at RT. The 

next day the chloroform was evaporated using an argon flow and then vacuum. The QDs 

were heated slightly at 60 °C for 10 min before addition of water. Water was added very 

slowly, forcing interaction with the polar head groups of the PEG-oleate facing out 

towards the solvent. Excess PEG-oleate was removed by centrifugation. 

Absorption spectra were recorded on a Perkin-Elmer LAMBDA 1050 UV/Vis/NIR 

spectrophotometer. Solution photoluminescence measurements were performed at 

room temperature under ambient conditions using an Edinburgh Instruments FLS 920 

instrument and a 5.0 mW HeNe laser from Thor Labs as the excitation source (λex = 633 

nm). The excitation light was focused on a square quartz cuvette (1 x 1 cm2) containing 
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the QD solution in TCE. The emitted light was fed to a monochromator (600 lines/mm 

grating) and collected with a liquid nitrogen-cooled Hamamatsu R5509 photomultiplier 

tube (PMT) with sensitivity up to 1620 nm or an InGaAs detector (Edinburgh 

Instruments NIR 301) with sensitivity up to 2200 nm. A silicon filter in front of the 

emission monochromator was used throughout the measurements. The emission spectra 

were corrected for the instrument response. 

Absolute quantum yield (QY) measurements. A solution of QDs was placed inside 

an integrating sphere (Edinburgh Instruments, 150 mm in diameter coated with barium 

sulfate) and was excited by monochromatic light (xenon lamp, variable excitation 

wavelength). The integrating sphere has a baffle coated with barium sulfate to prevent 

direct illumination of the detector. A reference sample of TCE was used for all 

measurements. The PL spectra were detected with a nitrogen-cooled Hamamatsu R5509 

photomultiplier tube (PMT), with sensitivity up to 1620 nm. All sample solutions did not 

exceed an optical density of 0.1 to limit re-absorption. The difference in energy between 

the excitation wavelength and emission peak was kept constant between samples (~0.2 

eV) to avoid multiple-exciton generation. QYs for samples emitting past 1620 nm were 

not measured because of the lack of sensitivity of the InGaAs detector when used in 

conjunction with the integrating sphere. The QY was determined using the following 

equation: 

 

samplewithout

sample

EE
L

QY
−

=  
(3.3) 

where Lsample is the luminescence of the sample with direct excitation, Ewithout is the 

excitation light with no sample, and Esample is the excitation light remaining after direct 

excitation. To ensure measurements were done correctly, quantum yields of the dye IR-
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125 and quinine bisulphate, with known literature values of 13% and 55%, respectively, 

were determined beforehand.190-191 

Powder X-ray diffraction (XRD) data were acquired with a Rigaku Miniflex 

Diffractometer. Samples were drop-casted onto a zero-background holder and then 

allowed to dry. Cr radiation was used at 30 kV and 15 mA with a Kβ filter, a 4.2o 

scattering slit, and a 0.3 mm receiving slit. XRD data were collected in the 20-140° (2θ) 

range. Jade software, from Materials Data, Inc., was used for powder diffraction analysis. 

Energy dispersive X-ray spectroscopy (EDS) was carried out with a Hitachi S-4800 

Scanning Electron Microscope (SEM). Samples were directly dried onto conductive 

carbon tape on an aluminum SEM sample holder. 

An FEI Tecnai 200 keV Field Emission Scanning Transmission Electron 

Microscope was used to collect transmission electron microscopy (TEM) and high-

resolution TEM (HR-TEM) images. Samples were deposited on thin, carbon-coated 

copper grids for imaging. Particle sizes were determined on a batch-to-batch basis by 

taking the mean and standard deviation (i.e. mean ± standard deviation). A minimum of 

150 particles were counted for each batch. 



 

 

97 

Chapter 4. Probing the Structure of Colloidal Core/Shell 
Quantum Dots formed by Cation Exchange 

 

This chapter discusses the core/shell structure of PbSe/CdSe quantum dots formed by 

cation exchange. Understanding the structure of nanomaterials is imperative for 

explaining their observed properties and for their further development. Core/shell 

quantum dots formed by cation exchange are particularly challenging to characterize 

because shell growth does not lead to an increase in overall particle size that can easily be 

characterized by standard transmission electron microscopy (TEM). In this chaper, high-

angle annular dark field (HAADF) imaging and energy-filtered TEM (EF-TEM) are used 

to show that a core/shell structure is indeed formed after cation exchange. These results 

are further confirmed by energy-dependent X-ray photo-emission spectroscopy (XPS) 

that shows increasing Pb/Cd signal with increasing photon energies. High-resolution XPS 

at varying photon energies is also used to reveal greater complexity in the PbSe and 

PbSe/CdSe structures than previously reported. Finally, small-angle X-ray scattering 

(SAXS) and small-angle neutron scattering (SANS) methods are combined to provide 

further inorganic and organic structural information. All experiments agree within error 

and the results are summarized as final structural models for the core and core/shell 

particles. 

Although not discussed herein, some of these characterization techniques were also 

applied and expanded to NaYF4/NaGdF4 nanoparticles, whereby direct evidence for a 

core/shell structure was shown for the first time in lanthanide-based nanomaterials.192-193 

The lanthanide-based work is detailed in Appendix C. 
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4.1. Introduction 

Colloidal semiconductor quantum dots (QDs) are an important class of materials with a 

multitude of potential applications10 ranging from bioimaging22,194 and solar energy 

conversion17,195 to quantum computing26,37. Despite the tremendous progress and efforts 

by researchers around the world, understanding the composition of nanomaterials at the 

atomic level is still a very big challenge, especially for QDs, with sizes typically below 

~10 nm (and often below 5 nm).  This problem is compounded for core/shell QDs, where 

thin shells and small lattice mismatches can add to the structural characterization 

challenges. Herein, the morphology of ~5 nm colloidal PbSe/CdSe core/shell QDs 

formed with a cation exchange reaction is examined. By combining advanced high-

resolution microscopy techniques with synchrotron photo-emission experiments, as well 

as X-ray and neutron scattering methods, a detailed examination of both the inorganic 

and organic structural composition of these interesting heterostructured nanomaterials is 

presented for the first time. All of the experimental techniques utilized agree within error, 

and the following key conclusions are drawn from this study: (1) there is evidence for 

reconstruction at the surface of the PbSe QDs; (2) the PbSe/CdSe QDs have a core/shell 

structure (neglecting the oleate shell) with a purely PbSe core,  an outer shell of pure 

CdSe, and a (thin) interface of strained Pb1-xCdxSe material; (3) the anionic framework is 

conserved during cation exchange; (4) lifetime measurements support a reduction in 

emission oscillator strength for the core/shell QDs; (5) the outer surfactant layer for PbSe 

is composed of primarily Pb-oleates with some trioctylphosphine ligands (~1.4 nm thick), 

while for PbSe/CdSe it is entirely composed of Cd-oleates (~1.5 nm thick). 

Cation exchange reactions in a wide range of nanocrystals were first reported by 

Alivisatos and co-workers in 2004.196 The authors demonstrated very convincingly, that 
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complete and fully reversible exchange of cations in nanocrystals can occur. 

Furthermore, they showed by examining high-resolution transmission electron 

microscopy (HR-TEM) images, that above a critical size the anion sublattice can remain 

intact and the shapes of the initial nanocrystals can thus be retained.  This seminal work 

has greatly expanded the range of nanoscale materials that can potentially be 

developed.197-200 An example of this is the work performed by Hollingsworth and co-

workers who were able to use the basic idea of cation exchange to form 

heterostructures.153 The controlled exchange of Pb2+ cations at the surface of PbSe QDs 

for Cd2+ cations results in PbSe/CdSe QDs with improved photostability and 

photoluminescence (PL) quantum efficiencies (as described in chapters 3 and 5). Unlike 

the conventional epitaxial growth of a shell material onto a core at temperatures typically 

above 150 oC, the cation exchange reaction can be performed at more modest 

temperatures (~80 oC), which allow the optical properties of the PbSe QDs to remain 

intact. However, due to the good lattice match, Hollingsworth and co-workers had 

difficulty seeing the interface between the PbSe core (lattice constant = 6.124 Å) and 

CdSe shell (lattice constant = 6.077 Å) material domains, even in HR- TEM images. As 

such, they were not able to draw definitive conclusions on the sharpness of the 

PbSe/CdSe inorganic interface or whether a core/shell structure was formed. PbS/CdS153 

and PbTe/CdTe156 heterostructured QDs have also been prepared and because of their 

small bulk band gaps and large exciton Bohr radii these new lead chalcogenide-based 

materials are well suited to applications in the near-infrared.77 

Despite the aforementioned advantages, a major drawback of the cation-exchange 

core/shell procedure is the overall increase in full-width-at-half-maximum (FWHM) of 
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the photoluminescence (PL) peak that suggests an increase of core size and shell 

thickness dispersions.121,153 Recent work has also shown a significant (~factor of 4) 

reduction of the oscillator strength of the band gap emission for PbSe/CdSe QDs 

compared to the PbSe core precursor material201 and evidence for a quasi-type II band 

alignment in these materials.202 Understanding the internal structure of these materials is 

of vital importance for further development and for understanding their electrical and 

optical properties. For instance, a gradient of elements present (at the interface or in the 

shell) versus a sharp inorganic interface could explain some of the observed optical 

properties of these materials.201 Additionally, advancing the techniques and methods 

required to characterize such heterostructured materials with dimensions below ~10 nm is 

of fundamental interest to the scientific community. 
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Figure 4.1. Absorbance spectra of PbSe core (solid) and PbSe/CdSe core/shell (dash) QDs in 

solution (TCE). The cation exchange reaction was performed at 85 oC for 25 minutes. 

 

The PbSe/CdSe core/shell QDs studied here are formed by cation exchange as reported 

in chapter 3. Figure 4.1 shows typical absorption spectrum of the initial PbSe core QDs 
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and the resulting PbSe/CdSe core/shell QDs in solution. A clear blue shift is present, 

consistent with a cation exchange reaction that produces a smaller core, but an overall 

equivalent size as confirmed by standard TEM.121 X-ray diffraction (XRD) confirmed the 

cubic crystal structure for both core and core/shell materials. A least squares approach 

(termed ‘Rietveld refinement’) was utilized to fit the measured XRD profile as shown in 

Figure 4.2. However, because of the small crystallite size that results in a significantly 

broadened pattern, accurate core size and shell thickness could not be determined for the 

core/shell particles. Therefore, further characterization of the core/shell QDs is required. 

Although the core size and shell thickness may vary slightly for the QDs investigated, 

this chapter focuses on QDs with shell thicknesses of ~1 nm and overall particle sizes of 

~5 nm. The transition of the first exciton peak (λabs), as measured by absorption 

spectroscopy, is provided where applicable.  
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Figure 4.2. Rietveld refinement plots of (top) PbSe core (λabs = 1700 nm) and (bottom) 

PbSe/CdSe core/shell (λabs = 1320 nm) QDs. Dotted lines are the observed intensity at each step; 

green lines are the calculated patterns; solid grey lines are the difference between observed and 

calculated intensities. The red (PbSe) and blue (CdSe) lines are the individual diffraction pattern 

contributions. For the sample shown in (top), a crystallite size of ~5 nm was calculated. For the 

sample in (bottom), crystallite sizes of ~3 nm were calculated for each of the PbSe Fm-3m 

(42.3%) and CdSe F-43m (57.7%) contributions. 

   



 

 

103 
4.2. Results and Discussion 

4.2.1. Imaging with HR-TEM, HAADF, and EF-TEM 

Hens and co-workers were the first to examine in detail the core/shell structure of 

PbTe/CdTe core/shell QDs formed by cation exchange.156 Although a very important step 

forward, in their case, only some of the particles show clear visualization of the core and 

shell lattice. Due to the small lattice mismatch between rock salt PbTe (lattice constant of 

6.462 Å) and zinc blende CdTe (lattice constant of 6.480 Å), they could only resolve the 

core/shell lattice for specific orientations of the particles, because in HR-TEM 

visualization of the crystal lattice depends on crystal orientation and on the focus. 

Although they were only able to present a small number of particles showing a core/shell 

structure, the authors concluded that the cation exchange process is anisotropic, resulting 

in sample heterogeneity. These observations are qualitatively consistent with our own 

work examining the temperature-dependent PL of PbSe/CdSe QDs (discussed in chapter 

5).121 In that work, based on a detailed analysis of the temperature-dependent shift and 

variation of the emission line width from 4.5 to 295 K, it has been determined that the 

Gaussian-like distribution of QD sizes broadens after cation exchange. This observation 

requires further structural analysis of the QDs to help understand and explain its origin. 
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Figure 4.3. HR-TEM images of PbSe/CdSe core/shell QDs (λabs = 1150 nm). Circled particles 

show clear contrast between core and shell materials. The initial PbSe core precursor QDs had 

λabs = 1590 nm. Cation exchange reaction performed at 105 oC for 25 minutes. 
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For the PbSe/CdSe QDs investigated here, the close lattice match between core and 

shell phases introduces significant challenges in generating clear discriminating contrast 

by standard HR-TEM, as has been pointed out previously.156 In particular, at a given HR-

TEM focus only certain particles will exhibit contrast that reveals a core/shell structure, 

and this will be highly dependent on their orientation with respect to the direction of the 

beam. Many other such nanoparticles will exhibit a uniform contrast with no indication of 

core/shell interfaces. This makes it difficult to interpret whether a core/shell structure has 

formed in all particles, as Hens and co-workers pointed out in their HR-TEM study.156 

Moreover, HR-TEM does not provide elemental identification, making it difficult to draw 

definitive conclusions on core and shell dimensions, as well as alloying at the PbSe/CdSe 

inorganic interface. A few examples of HR-TEM images are shown in Figure 4.3 (lower 

magnification images are shown in Figure A1 of the Appendix), comparable to the results 

presented by Hens and co-workers. For the circled particles, both core and shell 

structures are observed, but for the remaining particles no conclusion can be drawn 

because the particles are not in an orientation amenable to reveal contrast from the 

core/shell interface.  This has obvious disadvantages when trying to understand and 

characterize these materials, particularly because there is no increase in particle size after 

cation-exchange. It is also noteworthy, that the dimensions of the core may be 

underestimated using this technique because the image contrast is the result of phase 

interference of the electron beam.  Delocalization of the electron beam at the interface 

between the core and shell materials results in a false contrast around the interface. 

Delocalization can occur easily when using a highly coherent electron beam, such as the 

field emission gun TEM used here. On the other hand, the information from TEM is 
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specific and localized to a particular nanoparticle. These considerations warrant further 

characterization with complementary techniques to explore whether a complete core/shell 

had formed on all particles, or if only a fraction of them possess the core/shell structure. 

For the above reasons, high-angle annular dark field (HAADF) imaging in scanning 

TEM (STEM) mode was utilized. Although in many cases the STEM technique poses 

more challenges with beam damage to the sample than standard TEM, the method is 

highly sensitive to the atomic number (Z) of the materials, scaling proportionally to 

~Z2.203 For this reason, HAADF imaging is also refered to as Z-contrast imaging. For the 

materials herein, Pb has a Z = 82 and Cd has Z = 48. This makes it possible to visualize 

core and shell materials as shown in Figure 4.4. From the HAADF images shown (same 

batch of QDs as in Figure 4.3) it was possible to estimate a core size of 2.7 ± 0.3 nm and 

a shell thickness of ~1.2 nm (overall particle size 5.1 ± 0.4 nm). Figure A2 (Appendix) 

shows histograms of the size distributions for the core and overall particle size. The 

increase in relative standard deviation of the core size from the HAADF images is 

indicative of an increase in heterogeneity of the sample caused by the cation-exchange 

process. The sharpness of the interface however, is difficult to discern with accuracy and 

an aberration-corrected microscope may help further in this regard.203 
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Figure 4.4. HAADF image of PbSe/CdSe core/shell QDs. Both core (bright) and shell (dark) 

contrast are visible in the image. The QDs are the same batch as those presented in Figure 4.3. 

 

HAADF images alone provide qualitative information only. Sensitivity to particle 

thickness can influence the contrast in the image.204 For this reason, the particles were 

examined further by energy-filtered TEM (EF-TEM). In EF-TEM imaging, only 

electrons of particular kinetic energies are used to form the image. Inelastic scattering of 

electrons and the accompanied loss of energy are characteristic of the element in the 

sample, thus the formed image in EF-TEM is element specific.205 EF-TEM imaging also 

allows for a larger number of particle statistics by directly imaging elements in the 

sample, as compared to individual particle line scans performed by electron energy loss 

spectroscopy (EELS) or by energy-dispersive X-ray spectroscopy (EDS). 
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Figure 4.5. (top) Pb map by EF-TEM imaging of PbSe/CdSe core/shell QDs. (bottom) Bright-

field image of the same core/shell particles measured after the EF-TEM image. The QDs are the 

same batch as those presented in Figure 4.3 and 4.4. 

 

Figure 4.5 shows the EF-TEM image for Pb and the corresponding bright field image 

for the core/shell QDs. EF-TEM imaging was performed on the Pb O2,3 edge at 86 eV 
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and the Se M4,5 edge at 57 eV. It was not possible to measure reliably the Cd signal (M4,5 

edge at 404 eV), because of low signal intensities at higher energies. Detailed statistics 

revealed a Pb core size of 3.3 ± 0.4 nm (EF-image) and an overall particle size of 5.2 ± 

0.5 nm (bright-field image), comparable to the results obtained from the HAADF images. 

Histograms of the size distributions are shown in Figure A3 of the Appendix. Again, a 

comparable relative increase in core size standard deviation was measured confirming an 

increase in heterogeneity after cation exchange. The Se image (not shown) confirmed the 

same particle size for both the EF-TEM image and the bright-field image. 

These results confirm that the PbSe/CdSe QDs are indeed all core/shell QDs, with an 

overall increase in core heterogeneity caused by the cation exchange reaction. The 

increase in core heterogeneity seems to be associated with the initial size distribution of 

the PbSe core precursor material. For instance, it was consistently found that batches of 

smaller PbSe QDs blue-shifted more than batches with larger particle sizes (chapter 3). 

This suggests that the surface free energy of the particles plays a very important role in 

the kinetics of the cation exchange reaction. It is therefore reasonable to assume that 

smaller QDs within an ensemble of QDs exchange Pb2+ for Cd2+ at a faster rate than the 

larger QDs and thus, the resulting core/shell QDs could have greater core size (and shell 

thickness) dispersions. 

4.2.2. Energy-dependent XPS 

Angle-resolved XPS (AR-XPS) is a proven technique for nanometer depth-profiling of 

samples, by taking advantage of the angle dependence of the inelastic mean free path 

(IMFP) of the emitted photoelectrons. However, AR-XPS is unable to depth profile 

nanomaterials with spherical structures. In contrast, energy-dependent XPS is able to 
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depth-profile because the IMFP also depends on the kinetic energy of the 

photoelectrons.206 Thus, by gradually increasing the X-ray photon energy, measurements 

at increasing sampling depth can be performed. Energy-dependent XPS cannot be 

performed on a standard XPS instrument because of the monochromatic X-ray source and 

therefore requires the use of continuous synchrotron radiation (energy selection is 

performed with a monochromator).  

XPS spectra were measured at varying photon energies using tunable synchrotron 

radiation (Canadian Light Source, Inc.) to confirm the core/shell structure measured by 

HAADF and EF-TEM imaging (as described in the previous section). XPS allows for 

direct observation of both Pb and Cd signals that was not possible in EF-TEM (the Cd 

signal was too weak in that case), as well as sampling of a much larger number of 

particles. For a core/shell type structured nanomaterial, the photoelectrons from the core 

will be screened by the shell material at low kinetic energies. A detailed analysis of the 

photo-emission peaks from Pb and Cd allow for the determination of a core/shell 

structure or alloyed (Pb1-xCdxSe) material. A uniformly alloyed material is expected to 

have a constant Pb/Cd ratio at different photon energies. Figure A4 (Appendix) are 

examples of Pb and Cd photo-emission peaks at similar kinetic energies with polynomial 

background fits. After background subtraction, the XPS peaks were integrated and 

normalized for their absorption cross-sections207-208 and for the photon flux. From a 

detailed analysis of the photo-emission peaks, Figure 4.6 was made by plotting the Pb/Cd 

ratio as a function of kinetic energy. The increasing Pb/Cd ratio with increasing 

photoelectron kinetic energy directly proves that Pb2+ is in the core and Cd2+ is on the 
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surface, confirming the results obtained by HAADF and EF-TEM. Efforts to model the 

Pb/Cd ratio and extract out core and shell thickness are on-going in our lab. 
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Figure 4.6. Intensity ratio of the Pb2+ to Cd2+ core levels as a function of photoelectron kinetic 

energy. Cation exchange reaction performed at 80 oC for 25 minutes. PbSe/CdSe QDs λabs = 1276 

nm (initial PbSe λabs = 1513 nm). 

 

Due to the small particle size and small lattice mismatch between PbSe and CdSe 

materials, the microscopy techniques described in the previous section are unable to 

probe directly the interface between the core and shell materials. Although an aberration-

corrected microscope may be able to provide further insight about the interface, 

significant electron beam damage is common for small nanoparticles.203,205 The 

composition, structure and nature of the interface between core and shell materials likely 

have a strong influence on the electronic properties of nanomaterials. 

Energy-dependent XPS is able to provide further information than simply comparing 

Pb/Cd ratios at different kinetic energies. XPS is highly sensitive to chemical speciation 
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(changes in chemical state) and combined with the high-energy resolution and the high 

brilliance of the SGM beamline (Canadian Light Source, Inc.) allows for depth sensitivity 

down to a few ångströms.209-210 By varying the photon energy and scanning with high-

energy resolution it was possible to vary the surface sensitivity to probe variations in 

chemical speciation throughout the nanoparticle. Any change in chemical speciation is 

accompanied by a small shift in binding energy. From a detailed analysis of the XPS 

photo-emission spectra at different photon energies, a model was generated for each of 

the PbSe core and PbSe/CdSe core/shell QDs. The conclusions drawn suggest that the 

QDs are structurally much more complicated than previously assumed in the literature. 

Pb 4f, Cd 3d, and Se 3d photo-emission peaks were measured at different photon 

energies for both the PbSe core and PbSe/CdSe core/shell QDs at high-energy resolution 

(HR-XPS) (~100 meV resolution). HR-XPS spectra for Cd 3d and Se 3d photo-emission 

peaks are shown in Figure 4.7 and Figure 4.8, respectively. The Cd 3d photo-emission 

peaks (Cd 3d5/2 binding energy of 405.3 eV) match with those for CdSe, confirming that 

the measured Cd signal is primarily associated with CdSe. No Cd signal intensity was 

measured for the PbSe QDs, as expected.  

The Se 3d photo-emission peaks from the PbSe QD sample correspond to PbSe 

material (Se 3d5/2 binding energy of 54.1 eV). The Se 3d3/2 and 3d5/2 peaks from the 

PbSe/CdSe core/shell sample are broadened and overlap making it hard to resolve them 

due to a Se 3d signal that originates from both PbSe and CdSe materials. 
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Figure 4.7. High-resolution XPS spectra of Cd 3d photo-emission peaks at two different photon 

energies. 
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Figure 4.8. High-resolution XPS spectra of Se 3d photo-emission peaks at two different photon 

energies. 

 

More informative are the Pb 4f photo-emission peaks shown in Figure 4.9. At low 

photon energies (surface sensitive) the PbSe QDs have measured photo-emission peaks 

that show a broad shoulder on the high binding energy side (Pb 4f7/2 binding energy of 



 

 

115 
~138.9 eV). The broad shoulder is attributed to surface bound PbO and Pb-oleate. At 

higher photon energies (bulk sensitive) the PbO and Pb-oleate peaks reduce in relative 

intensity quickly, confirming that they are located on the surface of the QDs. The surface 

PbO has important implications on the optical properties of these materials (discussed 

further in chapter 5). It is important to note that the core/shell QDs do not show this 

shoulder confirming that the shell protects the core against (photo)oxidation (consistent 

with the increased  photostability presented in chapter 3).  

At low photon energies the presense of phosphorus (binding energy of ~133.6 eV) on 

the PbSe QDs was also observed and confirms that there is some trioctylphosphine (TOP) 

bound to the surface of the QDs as an additional secondary ligand (most of the surface 

bound ligands are oleate molecules). TOP likely coordinates to Se sites on the surface of 

the particles and is in signicantly lower amount (confirmed by NMR,157 and the rapid 

decrease in XPS intensity with increasing photon energy) compared to oleates that 

primarily coordinate to surface Pb2+ sites. At low photon energies the phosphorus peak is 

missing for the core/shell QDs because TOP was not utilized in the cation exchange 

reaction. Mass balance (large excess of oleates) apparently removes most of the TOP 

from the surface of the final core/shell QDs. 
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Figure 4.9. HR-XPS spectra of Pb 4f photo-emission peaks at two different photon energies. 

 

The main Pb 4f intensity signal is confirmed as PbSe (Pb 4f7/2 binding energy of 137.4 

eV) near the core of the QD for both core and core/shell materials. The shoulder at low 

binding energies on the Pb 4f peaks is of particular note. For the PbSe QDs (4f7/2 binding 

energy of ~136.6 eV) the shoulder decreases with increase photon energy, suggesting it is 

a surface-bound species. Previous energy-dependent XPS work on PbSe QDs by Sarma 
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and co-workers (but with lower energy resolution) attributed this shoulder to a non-

stoichiometric Pb1-xSe shell which is consistent with the work presented here.211 

However, it should be noted that reconstruction of the PbSe material near the surface of 

the QDs could also account for the additional shoulder (and shift in binding energy). 

Shifts in binding energy associated with interface reconstruction have been reported for 

thin films.212 Therefore, the PbSe material near the surface (*) is in some form that is 

different from the PbSe core. Sarma and co-workers also reported evidence for a final 

outer layer of purely Se ions that are attached to a TOP organic capping layer. This will 

be discussed further below, but an outer layer of Se ions cannot account for the large 

excess of Pb in these samples (elemental analysis discussed in chapter 3) and the low 

amount of TOP measured by NMR.157 No evidence for excess Se ions as an outer shell 

was found in our work. 

For the core/shell QDs the relative intensity of the shoulder decreases with increasing 

photon energy as well (from 0.48 to 0.27), but more so than the shoulder on the PbSe 

core QDs (from 0.67 to 0.59) over the same energy range. This suggests that this layer is 

much thinner in the core/shell QDs than in the PbSe QDs. The peak position of the 

shoulder is also shifted to slightly lower binding energy (4f7/2 binding energy of ~136.4 

eV), consistent with a new chemical species. This is also consistent with shell formation 

because the CdSe shell is much thicker than the original Pb1-xSe shell, so there can no 

longer be any Pb1-xSe material present in the core/shell QDs. Thus, the shoulder in the 

core/shell spectra must originate from a new species. The interface between the PbSe 

core and CdSe shell is therefore assumed to be composed of a thin layer of Pb1-xCdxSe 

material which is consistent with both the shift in binding energy and the rapid decrease 
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in relative intensity with increasing photon energy. It should be noted that it is not 

necessary that the interface be composed of Pb1-xCdxSe; interfacial strain of PbSe could 

lead to a shift in binding energy (discussed further in section 4.2.4). 

4.2.3. SAXS and SANS 

Small angle scattering techniques are often used to probe the size, shape and structure 

of samples with length scales in the range of approximately 0.5 nm to 30 nm.213 Small 

angle X-ray scattering (SAXS) and small angle neutron scattering (SANS) are two 

complimentary techniques which cover roughly the same size range but provide 

information about different aspects of a system based on the different contrast of X-rays 

versus neutrons.  In this work, SAXS is used to probe the inorganic component of the 

particles (because the oleate stabilizer is essentially invisible to the X-rays), while SANS 

is used to probe the organic part (because hydrogenous matter such as the oleate, provide 

good neutron contrast).  Examples are shown in Figure 4.10 and Figure 4.11, where the 

SANS and SAXS data for individual samples are plotted on the same graph for ease of 

comparison. 

Scattering intensity I(q) as a function of the scattering vector q is given by 

bkgqPVqI v +∆= )()( 2ρφ , where )2/sin(4 θ
λ
π

=q , λ is the wavelength, θ is the 

scattering angle, φv is the volume fraction, V is the volume of the particle, ∆ρ is the 

scattering length density (see experimental section) difference between the particle and 

the solution, P(q) is the particle form factor, and bkg is the incoherent scattering or 

background.  Analytical solutions of P(q) as a function of particle dimensions exist for a 
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number of shapes such as spheres, core-shell spheres, rods, disks, etc.214 For example, for 

spherical particles: 
2

3)(
)cos()sin(3)( 






 −
=

qr
qrqrqrqP , where r is the particle radius.214 

 

 
Figure 4.10. SAXS (red) and SANS (blue) fits to PbSe QDs (λabs = 1475 nm). 

 

SAXS data for the QDs were fit first to obtain the inorganic particle diameter, e.g. data 

in Figure 4.10 gave a diameter of 5.3 nm, and this value was then fixed in the 

core/(organic)shell SANS fits (discussed below). Initially, it was anticipated that SAXS 

fits could provide further information regarding the PbSe/CdSe core/shell structure and 

interface. However, due to the close scatter length densities of the two materials, the 

small length scales, and the particle size dispersions, reliable fits to core/shell models 

were not possible (i.e. the core and shell materials look almost the same to the X-rays). 
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However, SAXS is advantageous in that it samples a much larger number of particles as 

compared to the TEM methods discussed in section 4.2.1.  

SAXS fits to obtain ‘total inorganic particle sizes’ for PbSe core and PbSe/CdSe 

core/shell QDs were performed with a Schultz distribution. At low polydispersities the 

Schultz distribution approaches a Gaussian distribution. Measured trends in total 

inorganic particle size from SAXS are consistent with the results discussed in section 

4.2.1. On average, SAXS measured a slightly larger particle size (for both PbSe and 

PbSe/CdSe) and could be the result of excess Pb-oleate (or Cd-oleate for the core/shell 

QDs) on the surface of the particles. It might also be possible that the particles are not 

perfectly spherical and so the SAXS model requires a slightly larger diameter to account 

for the difference. 

All of the techniques (i.e. HR-TEM, STEM, EF-TEM, SAXS) described above probe 

the inorganic composition of the nanoparticles. Structural information about the organic 

surfactant layer is virtually non-existent in the literature for lead chalcogenide QDs. 

Therefore, SANS was used to probe the outer organic shell and determine the surface 

ligand length. Conventional techniques that are used to probe particle size (such as TEM) 

are unable to provide information about the organic layer and therefore SANS is a unique 

technique that allows direct measurements to be performed while the QDs are dispersed 

in solvent. Estimates of ligand length based on interparticle distances of QDs dried on a 

TEM grid do not necessarily represent how the ligands behave in dispersion.  
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Figure 4.11. SAXS (blue) and SANS (green) fits to PbSe/CdSe core/shell QDs (λabs = 1150 nm). 

The initial PbSe core precursor QDs had λabs = 1590 nm. Cation exchange reaction performed at 

105 oC for 25 minutes. 

 

The SANS data for these particles could not be fit as a single core/shell particle, i.e. 

inorganic core and oleate shell, even with the inclusion of multiple extra shells (see 

dashed curve in Figure 4.10).  This suggests that the shoulder in the mid-q region is due 

to something else in the solution.  Both the shape of this shoulder and the position where 

it hits background are consistent with an extra population of small particles with diameter 

~2.6 nm.  With this extra information the data could be fit to core/shell spheres (i.e. 

oleate coated PbSe particles) + small spherical particles (of some sort).  The absence of 

these small particles in the SAXS demonstrates that these extra particles are not a second 

population of PbSe QDs (which would be visible in the X-ray scattering).  Furthermore, 

they are too large to be dissolved oleic acid molecules, suggesting that they are probably 
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reverse micelles of oleates (oleic acid and TOP may play a role as well). As there is 

excess ligands present in the solution (a large excess is used during the reaction and may 

not be entirely removed during the washing stage), reverse micelles could potentially 

form. Reverse micelle formation is currently being investigated in our lab and further 

SANS measurements are underway to confirm their origin.  

From a detailed analysis of the SANS fits, the oleate coating was found to have a shell 

thickness of 1.3 – 1.6 nm, smaller than a fully extended oleate (length ~2.3 nm). These 

results are consistent with the cis double bond in the oleate that bends the ligand partially. 

On average, the PbSe QDs have a slightly smaller oleate shell thickness than the 

PbSe/CdSe QDs which suggests that they may not have the same average surface density 

of oleates.  

4.2.4. Analysis of the Core/Shell Structure 

Figure 4.12 is a schematic representation of a typical PbSe QD that is consistent with 

the results obtained by high-resolution XPS, as well as TEM, SANS, and elemental 

analysis. Both the PbSe core and PbSe* shell were confirmed by XPS. The PbSe core 

size and PbSe* shell thickness are approximated from the XPS peak intensities and are 

consistent within error with the other characterization techniques. Although not shown in 

Figure 4.12, there is also evidence for very small amounts of PbO and TOP on the surface 

of the QDs (likely only on certain facets). The surface species PbSe* and PbO may be 

responsible for the reduced PL yield observed for PbSe QDs, which will be discussed in 

chapter 5. The excess Pb2+ cations on the surface are consistent with elemental analysis 

that consistently showed excess lead present in these samples. The excess positive charge 

must be compensated for by oleate ligands (not TOP), and is consistent with recent NMR 
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work.157 These results contradict the work of Sarma and co-workers who suggest that the 

PbSe QDs are terminated with Se ions and a passivating layer of TOP (not oleates). The 

SAXS and SANS results are also consistent with the proposed structure and provide 

evidence that the oleate ligands are not fully extended most likely because of their cis 

double bond. 

 

 
Figure 4.12. Schematic of a typical PbSe QD. The QD has a central PbSe core and a PbSe* shell. 

PbSe* is structurally (or chemically) different than the PbSe core. The outer layer is composed of 

excess Pb2+ cations coordinated to oleate ligands. Although not shown, there is also a small 

amount of PbO and TOP ligands present on the surface. Dimensions vary slightly with reaction 

conditions (and QD size) and are approximations based on the characterization techniques. 

 

Figure 4.13 is a schematic representation of a typical PbSe/CdSe core/shell QD. The 

thickness of the outer CdSe shell (and likely the interface) is controlled by reaction 

temperature and time. HAADF images, EF-TEM imaging, and energy-dependent XPS all 
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confirm that Pb2+ is located in the core of the particle and Cd2+ is in the shell, thus 

supporting a core/shell structure and not a uniformly alloyed material. These results are 

the first direct evidence for core/shell formation in PbSe/CdSe core/shell QDs (on a large 

particle sampling). Although the interface between the core and shell is challenging to 

image, high-resolution X-ray photo-emission scans suggest that the interface is sharp 

(due to a rapid decrease in signal with increasing photon energy) and composed of a PbSe 

material that is chemically and/or structurally different than the core (possibly as Pb1-

xCdxSe). The Pb1-xCdxSe* interface thickness is approximated from the XPS peak 

intensities. It is important to note that for both Figure 4.12 and Figure 4.13 the schematic 

representations show uniform PbSe* and Pb1-xCdxSe* thickness, but there could be more 

or less material on certain facets of the nanocrystal. Elemental analysis shows excess 

cadmium in the samples that is consistent with surface-bound Cd2+ cations. The surface is 

capped with oleates, as no signal from TOP was measured by XPS. SAXS and SANS 

results demonstrate that the oleate ligands are slightly more extended than for those on 

PbSe QDs, but are still shorter than fully extended oleates (consistent with the cis double 

bond).  

TEM images confirm the same particle size before and after cation exchange, 

regardless of reaction temperature (from 30 to 180 oC). Reitveld refinement of the XRD 

patterns on core/shell QDs (Figure 4.2), as well as the XRD patterns of the completely 

exchanged QDs (from PbSe to CdSe, described in chapter 3), demonstrate that the CdSe 

remains in the cubic phase (zinc blende) rather than forming  the wurtzite phase (common 

phase for CdSe QDs). Because both the particle size and cubic crystal structure are 

retained after the reaction, a core/shell structure formed by cation exchange is strongly 
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supported. These results also confirm that the anionic framework is conserved during the 

reaction. 

 

 
Figure 4.13. Schematic of a typical PbSe/CdSe core/shell QD. The QD has a central PbSe core 

and an outer CdSe shell. There is evidence for an interface that is composed of PbSe structurally 

and/or chemically different from the inner core (labelled as Pb1-xCdxSe*). The outer layer is 

composed of excess Cd2+ cations coordinated to oleate ligands. There is no PbO or TOP ligands 

present. Dimensions vary with reaction conditions and are approximations based on the 

characterization techniques. 

 

Recent work by Hens and co-workers has argued that PbSe/CdSe QDs have a lower 

lying emission state with reduced oscillator strength, as compared to the PbSe QDs (but 

the absorption states are equivalent).201 Figure 4.14 are the lifetime measurements of 

typical PbSe and PbSe/CdSe QDs presented here. The increase in lifetime (a factor of 

~2.5) is consistent with the work of Hens and co-workers.201 The nature of the interface 
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between PbSe and CdSe will certainly have a strong influence on the electronic 

properties of these materials. Work in our lab (and an NRC collaboration) to use the new 

characterization results presented here in simulations of the electronic structure of these 

materials is on-going and should help to elucidate the nature of the measured optical 

properties (as well as the surface and interface reconstruction). 
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Figure 4.14. PL lifetime measurements of PbSe core and PbSe/CdSe core/shell QDs in solution 

(TCE). Lifetimes of 1.0 ± 0.1 µs and 2.6 ± 0.3 µs were measured for PbSe and PbSe/CdSe QDs, 

respectively. An additional fast component (254 ± 25 ns) was measured for the core/shell QDs. 

4.3. Conclusions 

A detailed investigation of the morphology of a new class of core/shell materials 

formed by cation exchange has been presented. HR-TEM, HAADF, and EF-TEM 

imaging proved that the PbSe/CdSe QDs have a uniform core/shell structure. These 

results were further supported by energy-dependent XPS that showed an increasing 

Pb/Cd ratio with increasing kinetic energy, consistent with Cd2+ present on the surface of 

the QDs (and Pb2+ in the core). From a detailed analysis of the high-resolution X-ray 
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photo-emission peaks, it is shown that PbSe QDs have PbO present on their surface, but a 

CdSe shell helps protect the QDs from oxidation (consistent with the optical 

measurements presented in chapter 5). Furthermore, there is strong evidence for a more 

complex internal structure for both PbSe and PbSe/CdSe QDs, that includes a shell for 

the PbSe QDs (consisting of surface PbSe that is different from the PbSe in the core) and 

a sharp Pb1-xCdxSe interface for the PbSe/CdSe core/shell QDs. SAXS data further 

confirmed the particle sizes measured by the microscopy techniques (but with greater 

particle statistics), but could not confirm the structural complexity measured by XPS 

because of reduced resolution. For the first time, the organic surfactant layer was 

structurally investigated for lead chalcogenide QDs using SANS methods. The SANS 

analysis has shown that there is indeed a well-solvated oleate ligand shell on the surface 

of the QDs with a thickness of 1.3 – 1.6 nm. All of the experimental results were 

combined to provide final structural models for the PbSe and PbSe/CdSe QDs that 

include both inorganic and organic materials, with greater complexity than previously 

reported. Simulations that take into consideration the structural information obtained by 

these methods are on-going in our lab (and at the NRC) and should help explain the 

origin of the observed optical properties of these materials. 

4.4. Experimental Section 

Synthesis. The synthesis of PbSe core QDs and PbSe/CdSe core/shell QDs were 

reported in chapter  3. Temperature and reaction time were carefully controlled to yield 

appropriate QD size and shell thickness. 

Absorption spectra were recorded on a Perkin-Elmer LAMBDA 1050 UV/Vis/NIR 

spectrophotometer. PL lifetime measurements were performed with a pulsed Nd-YAG 
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pumped OPO (10 Hz repetition rate, 5 ns pulse width, tunable from 400 to 2000 nm) and 

measured with a liquid nitrogen-cooled Hamamatsu R5509 photomultiplier tube (PMT). 

Emission decay curves were recorded with a Tektronix Oscilloscope (TDS 3012B) and 

lifetime fits performed with Origin software. 

X-ray diffraction (XRD) data were collected over a range 3-80°2θ (step size 0.04°2θ, 

counting time 1 s/step, sample spinner 50 rpm) with Co Kα radiation on a Bruker D8 

Focus Bragg-Brentano diffractometer equipped with an Fe monochromator foil, 0.6 mm 

(0.3°) divergence slit, incident- and diffracted-beam Soller slits and a LynxEye detector. 

The long fine-focus Co X-ray tube was operated at 35 kV and 40 mA, using a take-off 

angle of 6°. Mineral identification was done using the International Centre for Diffraction 

Database PDF-4 and Search-Match software by Siemens (Bruker). XRD data were 

refined with Rietveld program Topas 4.2 (Bruker AXS). Concentrated samples were 

drop-casted onto a zero-diffraction quartz plate. 

Microscopy images were performed with a JEOL JEM-2100FS, with built-in HAADF 

detector and Omega filter. The microscope was operated at 200 keV. Acquisition and 

data analysis were performed with Digital micrograph by Gatan Inc. Samples were 

deposited on thin, carbon-coated copper grids for imaging. No plasma cleaning was 

performed. For EF-TEM imaging, the TEM has a unique built-in Omega filter, which 

provides better image quality than traditional filters. The energies acquired were lead O2,3 

edge at 86 eV and the Se M4,5 edge at 57 eV. It was not possible to measure reliably the 

Cd signal (M4,5 edge at 404 eV). The jump-ratio method was used for the elemental 

mapping. 
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X-ray photoelectron spectroscopy (XPS) was carried out at the Canadian Light 

Source, Inc. in Saskatoon, Saskatchewan, using the spherical grating monochromator 

(SGM) undulator beamline, 11ID-1, and a Scienta 100 hemispherical analyser equipped 

with a channel plate detection system. The particles were washed extensively with 

ethanol to remove excess ligands that can lead to charging. Particles were drop cast onto 

Au foil on a sample holder and allowed to dry, followed by immediate mounting into the 

vacuum sample chamber. No charging effects were observed at low particle 

concentration. For the energy-dependent measurements, the spectra were measured with 

pass energy of 100 eV and an energy step size of 100 meV. The beamline exit setting was 

set to 100 µm. For the high-resolution photo-emission scans, the pass energy was set to 

50 eV and energy step size of 50 meV. The beamline exit setting was set to 25 µm. 

For the energy-dependent measurements, all photo-emission spectra were fitted and 

subtracted with polynomial background fits using Origin data analysis and graphing 

software (version 7.5). Three different background fits were performed for each peak and 

the peaks were integrated after subtraction of the background fit. Each measured area was 

normalized to the photon flux, number of scans, and absorption cross-section. The areas 

were averaged after correction and the standard deviations were calculated. After 

propagating the error to the final ratio (Pb/Cd), the % error (standard deviation/ratio) of 

each point was calculated and then averaged as a whole (over all kinetic energies) to give 

an average error of ca. 5%. This value was then used as the % error for each point of the 

Pb/Cd ratio at varying kinetic energies. 

For the high-resolution energy spectra, photo-emission spectra were measured 

concurrently with scans of the C 1s peak (binding energy of 284.5 eV). The C 1s peak 
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was then used as reference point in determining the binding energies for all peaks at all 

energies. Binding energies were compared to Ref215. 

Small-angle X-ray scattering (SAXS) was performed on a point collimated Anton 

Paar SAXSess through 1 mm capillaries.  Data was collected on high sensitivity 62 x 66 

mm2 imaging plates and radially averaged to produce 1D scattering with qmin = 0.02 Å-1.  

The beam spread from the collimation system introduces a polydispersity of ∆q = 0.076 

Å-1, and is accounted for in the fitting by convolution with a Schulz distribution,216 which 

at low polydispersities approaches a Gaussian distribution. 

Small-angle neutron scattering (SANS) experiments were performed on the Quokka 

beamline at the Australian Nuclear and Science Technology Organisation (ANSTO).  

Measurements were performed at 25°C using neutrons with an average wavelength of 

4.95 Å and a wavelength spread of ∆λ/λ = 0.0655.  Scattering was collected from 1.0 mm 

thick samples onto a 1.0 x 1.0 m2 2D detector with 192 x 192  elements at two distances: 

1.3 m and 8.8 m, with the detector offset by 30 cm at 1.3 m to give a combined q range of 

0.0084 – 0.62 Å-1.  Raw SANS data were reduced to 1D data and fit in Igor Pro 6.12A 

using the reduction and fitting procedures provided by NIST.217 Scattering length 

densities were calculated using the NCNR SLD calculator.218-219 

Scattering Length Densities (SLDs) for both SAXS and SANS were calculated using 

the NIST online calculator219 which calculates the SLD, ρ, using 
m

n

i
i

v

b∑
=ρ , where bi is 

the coherent scattering length for atom i, and vm is the molecular volume calculated from 

the known density.  For neutrons, the coherent scattering lengths, bi, are obtained from 

tabulated values218 and for X-rays bi = Zre, where Z is the atomic number of the ith atom 
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and re = 2.81 × 10-15 m is the classical radius of the electron.  SLDs used for fitting are 

given in Table 4-1. 

 
Table 4-1. Scattering Length Densities for SAXS and SANS fitting. Only the real part of the 

complex number is shown. 

 Density  

(g cm-3) 

SAXS  

(×10-6 Å-2) 

SANS  

(×10-6 Å-2) 

PbSe 8.1 53.0 2.96 

CdSe 5.81 41.8 2.35 

Oleate 0.89 8.47 0.08 

Toluene-d8 0.95 8.02 5.67 

Toluene-h8 0.85 7.80 0.94 
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Chapter 5. Temperature-dependent Photoluminescence Studies 

 

(Portions of this chapter have been published previously, and are reproduced in part with 

permission from ref121. Copyright 2010 American Chemical Society)  

 

(Portions of this chapter have been published previously, and are reproduced in part with 

permission from ref220. Copyright 2010 American Physical Society)  

 

For many applications, such as for cavity quantum electrodynamics (cQED) 

experiments,221-223 quantum dots (QDs) must be taken out of solution and used at 

cryogenic temperatures in order to minimize the impact of thermal dephasing (i.e. phonon 

scattering). In this chapter, the temperature-dependent photoluminescence (PL) properties 

of colloidal PbSe core and PbSe/CdSe core/shell QDs are examined. Temperature-

dependent PL spectroscopy is a capable tool for studying the radiative and non-radiative 

relaxation processes of QDs.224 

5.1. Introduction 

The interpretation of optical measurements on condensed forms of colloidal QDs has 

proved challenging even for CdX (X = S, Se, Te) QDs that have resonances compatible 

with silicon detectors.225 Condensed forms of PbX QDs are less well understood; partly 

because the detection sensitivity near 1.3-1.6 µm is much lower than with silicon 

detectors (making single-QD experiments relatively difficult) but also because the 

behavior of the emission is often complex and very sample-dependent. This has so far 

precluded any detailed, quantitative explanation of the emission properties of solid forms 

of PbX QDs. This chapter reports a microscopic model that successfully describes all 
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features of the PL spectra [peak position, full width at half maximum (FWHM), and 

lineshape] measured from thick drop-cast PbSe core and PbSe/CdSe core/shell QD films 

from 4.5 to 295 K. The relative simplicity of the model and the level of quantitative 

agreement with the full PL lineshape, explains many of the long misunderstood emission 

properties of these QDs. 

Recent studies comparing the temperature-dependent PL from drop-cast and spin-

coated thin films of PbS and PbS-polymer blends demonstrated dramatically different 

behaviors of the PL yield, shift, and lineshape.226 These differences were qualitatively 

attributed to sample-dependent QD spacing and the impact of this on interdot coupling of 

both radiative and nonradiative (core and surface) excited electronic states. However, 

discrepancies in the temperature-dependent PL yield reported even for drop-cast films in 

Ref226 and Ref227, underscore the challenges for quantitative analysis. Lifshitz and co-

workers attempted to fit the temperature dependence of the PL peak shift of drop-cast 

PbSe films with the phenomenological Varshni equation with limited success.228 Similar 

difficulties were encountered when trying to fit the PL line width to a phonon-scattering 

model over the whole temperature range from 1.4 K to room temperature. The 

shortcomings of these models were attributed to dark exciton states.228  

Consistent with these reports, it was found that the PL emission from spun-on films of 

PbSe and PbS QDs, whether embedded in a polymer matrix or not, often exhibits 

complicated lineshapes, and the temperature dependence of the PL yield is not 

reproducible. In contrast, starting from high-quality solutions of colloidal PbSe QDs as 

described below, thick (tens of microns) drop-cast films routinely exhibit a single 

exponential, Arrhenius-type decrease in the integrated PL yield as temperature increases, 
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and the emission lineshape remains single-peaked and almost symmetric from 4.5 to 295 

K. Using data from several such samples made from different synthesis batches, a 

microscopic model was developed that, for the first time, provides a quantitative 

description of the temperature-dependent PL emission spectra of PbSe QDs from 4.5 to 

295 K. The key conclusions drawn from this study are: (1) interdot coupling is strong 

enough to establish a quasi-equilibrium distribution of emissive excitons among the QD 

ensemble, at the ambient sample temperature, all the way down to 4.5 K; (2) most of the 

large, temperature-dependent Stokes shift is due to thermalization within the 

inhomogeneous distribution of QDs with a very small contribution from the shift in band 

gap; (3) the temperature variation in the FWHM of the emission is mostly due to 

thermalization within the distribution of QDs (and the onset of degeneracy) at low 

temperature (<100 K), and only at high temperature (>125 K) is it due to pure dephasing 

contributions to the individual state broadening; and (4) there is a temperature-

independent contribution to state broadening that is comparable to the pure dephasing 

contribution at room temperature.  

After first describing the thermaliztion model as it applies to PbSe core QDs, it is then 

applied to PbSe/CdSe core/shell QDs in section 5.2.4 and differences between the two are 

discussed. 

5.2. Results and Discussion 

5.2.1. Temperature-dependent Photoluminescence 

The colloidal PbSe QDs used in this study were synthesized according to the 

techniques reported in chapter 3. The reaction duration and temperature were carefully 

controlled to obtain a single-peak PL emission at ~1.3 µm. The focus of this work was on 
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the emission properties of the QDs in a condensed phase, outside of solution. A 

concentrated solution of the QDs was dropped onto a silicon-on-insulator (SOI) wafer 

and allowed to dry, thus producing a thick solid film (a few tens of micrometers). An 

example of a thick QD film on SOI wafer is shown in Figure B1 of the appendix. The PL 

quantum efficiency of PbSe QDs is known to suffer serious degradation when taken out 

of solution and exposed to air or moisture,229-230 almost surely due to surface oxidation.154 

The samples were therefore loaded in a continuous-flow-cryostat and evacuated 

immediately. A tightly focused (diameter ~2.3 µm) continuous wave HeNe laser at 633 

nm was used as the excitation source. To keep the PL intensity proportional to excitation 

level, the HeNe power was kept at 40 µW.  
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Figure 5.1. PL spectra of PbSe QDs in solution (TCE) and as a thick film. 

 

There was a noticeable red shift in the PL for the film for all batches compared to 

solution, as shown in Figure 5.1. The shift is attributed to energy transfer (Förster 

resonant energy transfer) from the smaller QDs to the larger ones and re-absorption, as 
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has been discussed previously for PbSe and PbS QDs.227,229,231 On the basis of 

experimental work with different substrates (e.g. quartz and silicon) that showed no 

significant differences, the PL properties that are measured are likely purely from the QD 

film and effects from the SOI substrate can be ruled out. 
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Figure 5.2. The PL spectra of PbSe QDs thick films at different temperatures. Circles of the 

upper inset shows the temperature-dependent PL peak energy and the dashed line is the 

absorption peak versus temperature for PbSe QDs of this size. The lower inset shows the 

temperature-dependent FWHM and integrated PL intensity. 

 

Figure 5.2 shows a series of PL spectra for a thick film of PbSe core QDs from 295 to 

4.5 K. Single-peaked emission with a monotonic increase in integrated PL yield as the 

temperature decreases is now routine when samples are prepared as described above. 

These spectra are qualitatively consistent with some reports in the literature.228,232 This 

reproducible synthesis also results in very clear Arrhenius-type behavior of the integrated 

PL as a function of inverse temperature, as shown in Figure 5.3. Assuming that the 
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radiative lifetime ( Rτ ) is temperature-independent, the integrated PL signal ( PLI ) is 

proportional to the total exciton lifetime, that is, τ∝PLI . The assumption regarding the 

‘temperature-independent radiative lifetime’ ignores the exciton fine structure (e.g. dark-

bright splitting, thermal population of other emissive states, etc.), but recent experimental 

work has shown that IPL is proportional to τ.228 The experimental data are then well-fit by 

a simple Arrhenius relation )/exp(1
0

1 TkEA Ba−+= −− ττ  for the total exciton decay rate (

111 −−− += NRR τττ ). Here, τ0 is the low-temperature limit of the total lifetime, A is a rate 

constant, Ea is the activation energy, kB is Boltzmann’s constant, T is the absolute 

temperature, and τR and τNR are the radiative and nonradiative lifetimes, respectively. As 

such, 1
0
−τ  could have contributions from both radiative recombination and temperature-

independent non-radiative processes. The activation energy obtained from fits to several 

PbSe QD batches is 20 ± 4 meV. This corresponds to a threshold temperature for 

exponential decay of the PL yield of ~60 K for the PbSe samples. The 20 ± 4 meV 

activation energy is tentatively ascribed to a thin layer on the outside of the PbSe QDs 

associated with lead oxide. Previous work by the van Veggel and Young research groups 

has attributed reductions in PbSe PL yield to a photo-oxidation process.154 Evidence for 

lead oxides on the surface of similar PbSe QDs was found using synchrotron X-ray 

photoelectron spectroscopy (see chapter 4) by tuning the photon energy to a surface-

sensitive energy (i.e. low photon energy). These results are consistent with recent 

independent studies of PbSe oxidation.233 
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Figure 5.3. Arrhenius plot for PbSe core (circles) QDs with fit (solid). Tangent lines intersect at 

the threshold temperature for exponential decay of the PL yield. 

5.2.2. Temperature-dependent Absorption 

The temperature-dependence of the threshold absorption of dilute PbSe QDs in a glassy 

host was well-characterized over a decade ago.93 It is found that the band-edge absorption 

energy increased linearly from 70 to 300 K with a rate that depended on QD size. For 

QDs emitting near 1.3 µm, the rate of change in the band-edge absorption, dEg/dT, was 

~40 µeV/K. Figure 5.4 shows the absorption spectra of a PbSe QD thick film prepared as 

above, as a function of temperature from 77 to 295 K. The lowest exciton absorption 

peak (Eg) was extracted by fitting the spectra with two Gaussians and a polynomial 

background. For this sample, dEg/dT = 55 µeV/K. Similar data from other samples all 

exhibit a linear variation in Eg over this temperature range; both the absolute values 

dEg/dT and their dependence on QD size were consistent within experimental error with 

the previous work by Olkhovets et al.93 
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Figure 5.4. The absorption spectra of PbSe QDs thick film at different temperatures. The dashed 

lines are fitted by two Gaussians and a polynomial background. The dotted line is a guide for the 

eyes. The temperature coefficient of the absorption band edge, dEg/dT is 55 µeV/K. The spectra 

are offset for clarity. 

 

The dashed line in the top inset of Figure 5.2 shows the variation in the absorption peak 

energy associated with this size of PbSe QDs. Clearly the nonlinear and much larger 

temperature variation in the PL emission energy cannot be explained by the changing 

absorption peak energy. Below it is shown that the additional shift of the peak PL 

emission is consistent with thermalization of the photoexcited excitons within the 

inhomogeneous ensemble of QDs. 

5.2.3. Thermal Analysis 

The redistribution of nonresonantly excited carriers within an ensemble of epitaxial 

self-assembled QDs has been studied extensively.234-235 This work revealed that the 

photoexcited carriers in the QDs can thermally escape to the wetting layer and then be re-

excited into other QDs or directly tunnel to neighboring QDs. These redistribution 



 

 

140 
processes between QDs of an ensemble can explain the strong temperature and carrier 

density dependence of the PL properties in those epitaxial systems.236 Although the 

microscopic mechanisms for thermalization will be different in colloidal QD films, a 

similar thermal analysis is adopted wherein the density of states at energy ε available to 

the thermalizing excitons in the PbSe QD film are described by a Gaussian function 

[ ]{ }22 /)(2exp),( σεεε TTG c−−= , where εc(T) defines the peak of the distribution which 

has a FWHM of 1.177σ. The center of the distribution is assumed to vary with 

temperature (T) linearly, so ( ) )295(/)( 0 −×+= TdTdET gc εε , where ε0 is the center 

energy at 295 K and dEg/dT = 55 µeV/K (from Figure 5.4). Here, ∫ = NdTG εε ),( , were 

N is the total number of states available to thermalizing excitons. 

The occupancy, f, of any available state is taken to be of a Fermi-Dirac form, 

( ) [ ]{ }( ) 11/)(exp, −+−= TkTTf Bµεε , where µ(T) is the chemical potential of the excitons 

in the photoexcited QD film at the ambient sample temperature. The integral 

( ) ( ) εεε dTfTG ,, ×∫  is therefore the number of photoexcited excitons (n) in the steady 

state and the product ( ) ),(, TfTG εε ×  describes the energetic distribution of the 

excitons. Assuming that each state has the same radiative lifetime, the PL spectrum is 

proportional to ( ) ),(, TfTG εε × , after state broadening factors are taken into account. 
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Figure 5.5. (a) Products of Gaussian distribution and Fermi-Dirac occupation factor at 4.5, 80, 

200, and 295 K. (b) and (c) show the PL peak energy and FWHM versus temperature, 

respectively. Circles: experimental results. Dotted lines: ( ) ),(, TfTG εε × . Solid lines: after 

state broadenings are applied. Squares in (c) show [ ] TkTT Bc /)()( µε −  from the model, as a 

measure of the distribution’s degeneracy. (d)-(f) show PL lineshape fittings at 4.5 K, 80 K, and 

200 K, respectively. Gray circles are measured PL spectra. Dotted lines: only temperature-

dependent Lorentzian broadening is applied. Solid lines: both temperature-independent Voigt and 

temperature-dependent Lorentzian are applied. All spectra are normalized to 1. 

 

This thermal model is characterized by three parameters, ε0, σ, and µ(T). The latter is 

determined at each temperature by the steady-state population of excitons, n, which is a 

function of the excitation laser intensity (fixed in these experiments) and the exciton 

population lifetime, τtot, which can be temperature-dependent. According to previously 

reported temperature-dependent PL lifetime results, τtot in PbSe QD films is nearly 
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proportional to the integrated PL intensity in the entire range from 2 to 300 K.228 The 

lower inset of Figure 5.2 shows a typical temperature-dependent integrated PL intensity 

for the films (similar to Ref.228) and for each sample τtot was taken to scale with 

temperature as the measured PL yield. The variable parameters in the thermal model are 

then ε0, σ, and n/N (T = 295 K). 

This thermal model by itself, without considering state broadening effects, almost 

completely explains the large temperature-dependent Stokes shift observed in all the 

samples. The dotted line in Figure 5.5b shows the best fit of the model exciton 

distribution (examples shown in Figure 5.5a) along with the measured Stokes shift. In 

obtaining the best fits, the center frequency of the distribution is essentially independent 

of the σ and n/N parameters. Although there is some tradeoff in choosing these latter two 

parameters, they are found to be well-constrained by the nontrivial shape of the peak 

energy shifts. 

Not surprisingly, the thermal model alone fails completely to describe the temperature 

dependence of the emission line width (see dotted line in Figure 5.5c): state broadening 

effects obviously must be included to describe this behavior. If the excess line width is 

attributed to temperature-dependent dephasing processes that Lorentzian-broaden each of 

the states described by G, the predicted lineshapes obtained by convolving 

( ) ),(, TfTG εε ×  with the “best fit” Lorentzians do not agree with the measured spectra, 

especially at low temperatures (see dotted lines in Figure 5.5d-f). In order to obtain 

reasonable lineshape fits at all temperatures, ( ) ),(, TfTG εε ×  was convolved with a 

temperature-independent Voigt function and a temperature-dependent Lorentzian. 

Although still not “perfect”, this form of state broadening does a much better job of 
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describing the measured spectra at all temperatures (see solid lines in Figure 5.5d-f). 

More significantly, if the temperature dependence of the FWHM data, as in Figure 5.5c, 

is used to fit the Voigt and Lorentzian broadening parameters using the thermal 

parameters obtained by fitting the Stokes shift data, the combined model very accurately 

describes both the shift and FWHM data (see solid curves in Figure 5.5b and Figure 

5.5c). Similar quality fits are obtained for numerous samples with PL center frequencies 

ranging from 840-930 meV. Table 5-1 summarizes all of the fit parameters obtained from 

three samples. 

Table 5-1. Best-fit model parameters. In the FWHMVoigt column the width of the 

Gaussian/Lorentzian components are indicated. 

Sample FWHMG 
(meV) 

ε0 
(meV) 

n/N (x 10-4) FWHMVoigt 
(meV) 

ϒB 
(meV) 

Bω  
(meV) 

1 55.5 909.4 1.6 28.4/4.3 72 39 
2 61.4 945.4 2.5 32.9/6.8 80 43 
3 58.4 906.3 1.5 32.2/4.6 64 37 

 

This thermal model is further validated by considering the temperature-dependent 

change in the peak energy of ( ) ),(, TfTG εε ×  as n/N is varied, keeping the other 

parameters fixed. The model prediction is shown in Figure 5.6a in which ε0 = 909.4 meV, 

σ = 47.1 meV (or FWHM = 55.5 meV), and n/N was increased from an original value of 

1.6x10-4 by factors of 5, 10, 20, and 40. As n/N increases, the peak energy shifts to higher 

energy at low temperature (T < 100 K) but does not change at high temperature (T > 200 

K). For comparison, Figure 5.6b and Figure 5.6c show the measured PL spectra of a PbSe 

QD film as a function of the excitation power at 77 and 295 K, respectively, the 

experiment follows the prediction very well. 

 



 

 

144 

750 800 850 900 9500 100 200 300
820

830

840

850

860

870

880

890

    n/N
increases

T=295 K(c)

 

 

PL
 In

te
ns

ity
 (a

.u
.)

 

 

(b) T=77 K

Excitation 
  power 
increases

Excitation 
  power 
increases

 

 

Energy (meV)
 

 

Pe
ak

 e
ne

rg
y 

(m
eV

)

Temperature (K)

77 K

295 K

(a)

 

Figure 5.6. (a) An example of calculated PL peak energy versus temperature with different 

values of n/N with all the other parameters identical. The curves correspond to 1, 5, 10, 20, and 

40 times 1.3x10-4, respectively. (b) and (c) show the measured PL spectra at different excitation 

powers, at 77 K and 295 K, respectively. The spectra correspond to powers of 1, 5, 10, 20, 30, 40, 

and 50 times 8.4 µW. The dashed lines are guides. 

 

The steady shift of the PL center frequency below room temperature occurs as the 

excitons preferentially occupy lower energy ranges of the available QD density of states 

while maintaining a classical distribution. The saturation in the shift below ~100 K 

corresponds to the onset of degeneracy in the distribution, as fewer and fewer states are 

available despite the fact that n/N is ~10-4. The squares in Figure 5.5c illustrate the onset 

of degeneracy below ~ 100 K and the plots of ( ) ),(, TfTG εε ×  in Figure 5.5a show just 

how far into the tail of the QD distribution the excitons are when they radiate at low 

temperature. 
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The temperature-dependent line width of the Lorentzian broadening function shown in 

Figure 5.7 clearly indicates that thermal dephasing increases abruptly above ~125 K. The 

data at lower temperatures have too much scatter to allow any quantitative conclusions to 

be drawn about the low-temperature behavior of thermally activated scattering, other than 

it is very small compared to that above ~125 K. An important implication of this model is 

that the considerable increase in the FWHM up to ~125 K is due to thermalization and in 

particular the onset of degeneracy in the exciton distribution, and is not related to pure 

thermal dephasing. The solid line in Figure 5.7 is a fit to a model for scattering from a 

bath of dispersionless bosons with energy, Bω : ( )[ ]1/exp/)( −=Γ TkT BBB ωγ  , and the 

parameters extracted from the fit are summarized in Table 5-1 (γB is the optical phonon 

coupling parameter). The bulk LO phonon energy of PbSe is ~ 17 meV, so the ~40 meV 

value of Bω  would appear to be associated with some other excitation. 
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Figure 5.7. Extracted temperature-dependent Lorentzian broadening line width versus 

temperature for three batches of PbSe QDs. Solid curve is the fit according to a boson scattering 

model. 

 

The relatively large and temperature-independent Voigt-type broadening is of 

particular note. It is roughly the same width as the minimum PL line width reported in 

Ref237 using near-resonant, selective excitation of slightly larger PbSe QDs at 15 K. Zero-

temperature dephasing has been observed using a number of techniques for cadmium 

chalcogenide colloidal QDs, where it is typically much smaller than what is observed 

here; there it has usually been attributed to the influence of surface states.238 

5.2.4. PbSe/CdSe Core/Shell Colloidal Quantum Dots 

To date, no report of the temperature-dependent PL for PbSe/CdSe core/shell QDs has 

been given. In chapter 3 improved photostability in solution was reported, herein a four-

fold increase of the activation energy for nonradiative exciton decay for PbSe/CdSe 

core/shell QD thick films is reported, as compared to the PbSe QD precursor material 
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discussed above. Both types of samples have relatively high and temperature-independent 

PL yield at very low temperatures; however, the PL yield for both falls off exponentially 

at higher temperatures. The CdSe shell shifts the onset of the exponential decay of the PL 

yield up to 240 K, as compared to 60 K in the core samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8. Temperature-dependent PL data for (a) PbSe core and (b) PbSe/CdSe core/shell QDs. 

(c) Peak energy position (circles: core; squares: core/shell) versus temperature with fit (solid). (d) 

The FWHM (circles: core; squares: core/shell) versus temperature with fit (solid). 
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Figure 5.9. (top) Absorbance spectra of PbSe core and PbSe/CdSe core/shell QDs. (bottom) PL 

and absorbance spectra of PbSe/CdSe core/shell QDs. 

 

Figure 5.8 shows a series of PL spectra for the core/shell sample from 295 to 4.5 K 

compared to the PbSe QD precursor material, and Figure 5.10 shows the Arrhenius plot 

of the integrated PL yield. The room-temperature solution absorption and PL of this 

sample are shown in Figure 5.9. The activation energy extracted from the Arrhenius plot 
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is 80 ± 10 meV, a factor of 4 higher than that measured for the PbSe core QD samples. 

The threshold for exponential decay of the PL yield has been increased correspondingly 

from 60 to 240 K. The activation energy was reproducibly higher for a series of core/shell 

versus core QD batches (Figure 5.10) and did not vary, within the experimental error, 

with preparation. 

0 5 10 15 20 25 30 35 40

5.0

5.5

6.0

6.5

7.0

7.5

60 K

240 K

 

 

Ln
 o

f I
nt

eg
ra

te
d 

PL
 S

ig
na

l

1000/T (1/K)

(a)

 

900 1000 1100 1200 1300 1400
0

10

20

30

40

50

60

70

80

90

100

110

 

 

Ac
tiv

at
io

n 
En

er
gy

 (m
eV

)

Bandgap (meV)

(b)

 
Figure 5.10. (a) Arrhenius plots for PbSe core (circles) and PbSe/CdSe core/shell (squares) QDs 

with fits (solid). Tangent lines intersect at the threshold temperature for exponential decay of the 

PL yield. (b) Measured activation energy for a series of batches of core (circles) and core/shell 

(squares) QDs. 
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For some applications, the substantial increase in PL yield afforded by the core/shell 

samples, especially if it can be extended to room temperature, would be of considerable 

benefit despite the increased line width of the emission. For other applications, the 

increased line width may be of concern, depending to some extent on its origin. This 

motivated a more detailed analysis of the temperature-dependent lineshapes from both 

core and core/shell samples. 

Figure 5.8 summarizes the peak shift and variation in the FWHM of the PL spectra for 

two corresponding sets of core and core/shell samples. The (nontrivial) temperature 

dependences show a qualitatively similar trend, and in fact, the total variation from 295 to 

4.5 K is not substantially different. Earlier in the chapter, a relatively simple exciton 

thermalization model was described that assumes the photoexcited excitons achieve a 

Fermi-Dirac distribution within a Gaussian-shaped distribution of available states at the 

ambient sample temperature; this model can quantitatively explain the peak shift over the 

entire temperature range for a variety of PbSe core samples. Applying that same analysis 

to the samples represented in Figure 5.8, the solid lines are obtained with corresponding 

Gaussian FWHM parameters of 58.4 meV for the PbSe sample and 81.7 meV for the 

core/shell sample made from the same batch of PbSe cores. This suggests that the cation 

exchange reaction introduces additional broadening in the diameter of the PbSe cores, 

leading to a ~40 % increase in the FWHM of the size distribution, consistent with the 

experimental results discussed in chapter 4. Heterogeneous shells could influence the 

magnitude of the PL peak shift and the emission line broadening in the core/shell QDs 

both through quantum confinement effects and dielectric screening (the dielectric 

constants are ~23 for PbSe and ~6 for CdSe).137 The model fitting also revealed that the 
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room-temperature steady-state exciton population for a fixed excitation intensity was 

about 7-fold higher for the core/shell QDs than that for a range of PbSe batches, which is 

consistent with a significant reduction in the nonradiative recombination rate at 295 K. 
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Figure 5.11. PL spectra (solid) at 4.5, 100, and 295 K for the PbSe/CdSe core/shell QDs with 

lineshape fits (dashes). 

 

If the distribution of thermally distributed excitons is convolved with a state-

broadening function, it is possible to describe quantitatively the FWHM (and in fact the 

actual lineshape; example shown in Figure 5.11) of the emission spectra, again for all 

temperatures between 295 and 4.5 K (see Figures B2 and B3 of the Appendix). When the 

analysis is applied to the samples here, a temperature-independent component to the 

state-broadening function that increases in line width from 32.9 meV for the PbSe cores 

to 46.1 meV for the core/shell samples is found. The temperature-dependent broadening, 

which behaves as )1)//(exp()( −=Γ TkT BBB ωγ  , is virtually unchanged between the 

two. This analysis suggests that thermally activated pure dephasing contributions to the 
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line width are not much different in the core/shell samples but that whatever processes 

are contributing to the temperature-independent “excess line width”,77,237 are more 

pronounced than those in the originating PbSe core samples. Further work is required to 

understand the origin of this temperature-independent contribution to the line width, and 

these initial results on core/shell samples may help in that direction.  

5.3. Conclusions 

A relatively simple thermal model for steady-state exciton populations in thick films of 

PbSe QDs ~4-5 nm in diameter quantitatively accounts for the large, ~60 meV, and 

reproducible red shift of the peak PL emission observed on going from 4.5 to 295 K. The 

nontrivial shape of the temperature-dependent Stokes shift is clearly associated with the 

onset of degeneracy in the exciton population below ~100 K. Similarly large reductions 

in observed PL emission line widths over the same temperature range are also 

quantitatively described by convolving the thermal distribution with a state scattering 

function. By requiring the same model to fit the actual emission spectra, the appropriate 

state scattering function consists of a temperature-independent Voigt shape, plus a 

Lorentzian that becomes important only above ~125 K. This analysis shows that below 

~100 K, the temperature dependence of the PL line width is due to the onset of 

degeneracy in the exciton distribution while above ~125 K, it is due to thermal 

dephasing. At room temperature, the inhomogeneous distribution of available states, the 

Voigt-type broadening and the Lorentzian broadening all contribute in roughly equal 

proportions to the overall emission line width.  

It has also been demonstrated that the integrated PL yield from carefully prepared thick 

films of PbSe QDs emitting near 0.87 eV exhibit a clear Arrhenius temperature 
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dependence with an activation energy of 20 ± 4 meV. A cation exchange reaction with 

Cd2+ blue shifts the emission peak, while the overall PL yield remains Arrhenius-like, but 

with an enhancement in the activation energy of four times to 80 ± 10 meV. Thus, the 

threshold temperature for exponential decay of the PL yield is shifted from 60 K in PbSe 

to 240 K in PbSe/CdSe core/shell samples. Growth of an additional ZnS shell may show 

further improvements, and studies are underway in our lab to push the threshold above 

room temperature. From analysis of the temperature-dependent shift and variation in the 

emission line width, it has been concluded that the cation exchange reaction broadens the 

Gaussian-like distribution of QD sizes by ~40 % and increases the temperature-

independent state broadening by a similar amount, but the temperature-dependent 

contribution to the lineshape of the core/shell samples is similar to that in the cores. 

This represents the first quantitative description of the PL emission properties of solid-

phase colloidal PbSe core and PbSe/CdSe core/shell QDs. It should serve as a valuable 

guide to further research on the specific physical mechanisms responsible for the very 

efficient thermalization, as well as the temperature-independent and the temperature-

dependent contributions to the state broadening. 

5.4. Experimental Section 

High-quality colloidal PbSe core and PbSe/CdSe core/shell QDs were prepared as 

reported in chapter 3. Absorption and PL solution measurements are detailed in chapter 3. 

Synchrotron XPS methods are explained in chapter 4. 

For the temperature-dependent PL measurements the QDs were drop casted from n-

hexane directly onto silicon-on-insulator (SOI) substrates. The samples were then 

immediately transferred to a helium cryostat and put under vacuum (~10-5 Torr). The SOI 
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substrates were rinsed with acetone, n-hexanes and iso-propanol, followed by a standard 

RCA-1 clean procedure, and then dried under nitrogen prior to the QD deposition. The 

PL efficiency of PbSe colloidal QDs is known to suffer serious degradation when 

removed from solution and exposed to air or moisture, therefore care was taken to ensure 

the films were prepared under a dry nitrogen atmosphere and transferred quickly to 

vacuum. The continuous-flow-cryostat temperature can be tuned easily from 4.5 K to 

temperatures aboves 295 K, with an error of ±0.1 K. The QDs were excited with a tightly 

focused HeNe CW laser (λex = 633 nm). The excitation power was 40 µW and low 

enough that the PL intensity was proportional to the excitation power. The focus point of 

the laser on the sample was ~ 2.3 µm in diameter. The PL from the samples was collected 

with a confocal microscope setup (see Figure B4 of the Appendix) and sent to a Bruker 

RFS100 FT-Raman spectrometer (used as an FT-IR spectrometer) equipped with a 

nitrogen-cooled high-sensitivity Ge detector (response spectral range from 850 to 1690 

nm). In all measurements the PL signal was collected for a fixed period of 20 s and the 

raw emission spectra were corrected for the instrument’s spectral response. 
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Chapter 6. Progress towards Placing Single Quantum Dots in 
Photonic Crystal Microcavities 

 

(Portions of this chapter have been published previously, and are reproduced in part with 

permission from ref222. Copyright 2009 American Chemical Society.) 

 

Chapter 2 described a system composed of a single quantum emitter inside a cavity as 

an efficient SPS design. To maximize the Purcell effect, the emitter must be positioned at 

the antinode (i.e. maximum of the electric field intensity of the photonic mode) of the 

cavity. The first part of this chapter details a method based on scanning probe lithography 

and chemical selectivity to position colloidal quantum dots at the antinode of a two-

dimensional silicon photonic crystal slab microcavity. The second part of this chapter 

describes a different approach based on optical trapping of nanoparticles. To increase the 

trapping force, a method is described to attach the colloidal quantum dots to larger silica-

coated gold nanoparticles. 

6.1. Introduction 

The ability to manipulate and position nanomaterials with precision is one of the 

greatest challenges of present day nanoscience research.3-4,239-241 Integration of a material 

at specific positions on a substrate is critical for most device applications and becomes 

increasingly difficult with the miniaturization of devices.8 For instance, in future opto-

electronics applications, quantum dots (QDs) will need to be connected to other 

nanomaterials (such as nanoparticles, nanowires, electrodes or waveguides) on a single 

chip (most likely Si). This has obvious challenges associated with the extreme size of the 

working components. Bottom-up approaches, although currently even more challenging 
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than top-down, offer greater flexibility in the types of materials that can be co-integrated. 

For instance, group IV-VI semiconductors could be integrated with Si technology, 

something currently not possible by top-down methods alone.242 For a single photon 

source (SPS) device based on a single QD inside a photonic crystal (PC) microcavity, the 

challenge is to position the QD as close as possible to the antinode of the cavity and 

ideally have no other QDs in close proximity.37 

This chapter examines two strategies for integrating colloidal PbSe QDs at the antinode 

of a Si PC microcavity. The first is a collaborative effort with the group of Dr. Jeff F. 

Young at the University of British Columbia that combines both scanning probe 

lithography and chemical-selectivity methods. The second strategy involves a method to 

trap optically and position the QDs. Optical trapping is briefly introduced, with the focus 

on the development of a new type of material that should be suitable for trapping 

experiments compared to the bare PbSe QDs alone (the QDs by themselves cannot be 

trapped with realistic excitation powers). 

6.2. Results and Discussion 

6.2.1. Chemical Selectivity 

Positioning a single ~5 nm QD at the center (±50 nm) of a PC microcavity (~0.5 x 1.5 

µm2) is a significant challenge. For self-assembled QDs (e.g. using molecular beam 

epitaxy growth techniques) the challenge lies with the random QD position caused by 

lack of control of the QD nucleation site.34,37,85,94 The solution is often to grow the QDs 

first, locate them by atomic force microscopy (AFM), and then fabricate the PC ‘around’ 

the QD. This poses problems with alignment, scalability, and QD material compatibility. 

For colloidal QDs, the challenge is arguably far greater. Spin-coating, dip-coating, and 
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drop-casting methods will all result in random QDs dried onto the Si PC slab and in 

numerous numbers.243-248 If these challenges are overcome, bottom-up design offers 

access to novel properties afforded by unique material design, not accessable by top-

down approaches. One solution is to funtionalize chemically the surface of the Si PC slab 

and inhibit (or enhance) chemical selectivity of the QDs at specific locations. This section 

discusses a site-selective method to bind colloidal PbSe QDs to Si-based PC 

microcavities developed in collaboration with Dr. Jeff F. Young’s group at the University 

of British Columbia and published as Ref222. Although the method certainly improves 

selectivity, further work is required to achieve a single QD per cavity at the antinode. 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. (A) Illustration and SEM image of a Si-based PC microcavity prepared by Dr. Jeff F. 

Young’s group. (B) Calculated total electric field intensity at the microcavity surface. Scale bars 

are 500 nm. 

 

An example of a free-standing Si-based PC microcavity utilized in this study is shown 

in Figure 6.1. The samples are prepared from silicon-on-insulator (SOI) substrates using 

standard Si processing techniques (allowing for eventual integration with standard Si-

based microelectronics) and are designed to work at 1.55 µm.249 The cavity is formed by 
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480 nm 
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omitting three etched holes in a row and is referred to as an ‘L3 PC defect cavity’.106 

More complicated structures that incorporate waveguides and grating couplers have also 

been fabricated by the Young group (example shown in Figure 6.9). Colloidal QDs have 

been coupled in a non-selective manner to PC microcavities previously.243-248 However, 

to incorporate single QDs at the center of a Si-based PC microcavity, where the electric 

field intensity of the photonic mode is at a maximum, requires a surface at the center of 

the cavity that efficiently binds PbSe QDs. To increase site-selectivity further, the 

remaining PC chip should have a surface that inhibits binding of the PbSe QDs. This was 

accomplished using a relatively simple chemical approach. 

Initially, two chemical surfaces (Si-H and Si-dodecyl) were investigated for selectivity 

following previous reports on CdSe/ZnS QDs (see Figure 6.2).250 SOI or Si substrates 

were subjected to a standard RCA clean, followed by HF acid treatment [1:20, 

HF(48%):H2O] for 1 minute. The HF treatment removes oxide from the surface and 

results in a hydrogen-terminated silicon surface (Si-H). The Si-H surface is prone to 

oxidation and was therefore utilized immediately. Dodecyl monolayers were formed by 

immediately immersing hydrogen-terminated Si into a solution of 1-dodecene molecules 

at high temperature (~200 °C). The reaction between the terminal alkene and the Si-H 

forms a highly stable covalent Si-C bond.171  Monolayer coverage was checked by water 

contact angle measurements. Contact angles of 108 ± 1° were found for Si-dodecyl, 

indicating good monolayer quality. The substrates were then immersed in a QD solution 

(~5 mg/mL), followed by a solvent wash (TCE or hexanes) to remove excess QDs. 

Details of the method are explained at the end of the chapter in section 6.4. 
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Figure 6.2. (top) Schematic representation of Si-H and Si-dodecyl formation. SEM images of 

PbSe QD adhesion to (A) Si-H and to (B) Si-dodecyl surfaces. Scale bars are 100 nm. 

 

Upon investigation, colloidal PbSe QDs were found to adhere well to Si-H surfaces, 

but poorly to dodecyl-terminated Si, as shown in Figure 6.2. Strong affinity of the PbSe 

QDs to the Si-H surface may be due to a hydrosilylation reaction between oleic acid’s 

alkene moiety and the Si-H surface.171,251 No evidence for Si-C bonds was found by 

standard X-ray photoelectron spectroscopy (XPS); however this could be a sensitivity 

limitation of the technique. Van der Waals forces between the QDs and the Si-H surface 

may also play an important role in the observed preferential attachment of the QDs to Si-

H. 

The lack of adhesion to the Si-dodecyl surface is surprising as both the PbSe QDs and 

the Si-dodecyl surface are hydrophobic. This is also in contrast to reports of CdSe/ZnS 

QDs capped with TOPO that were reported to attach in high densities to dodecyl-coated 
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surfaces.250 These results suggest that oleate-capped QDs behave very differently than 

TOP- and TOPO-capped QDs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.3. Schematic representation of the QD patterning process (not to scale). (a) A 

conducting AFM tip anodizes a spot on the Si-dodecyl layer. (b) After HF treatment, the oxide is 

removed, resulting in a Si-H spot. (c) After dipping the substrate in a PbSe QD solution, QDs are 

site-selectively grafted. 

 

Patterned deposition of the QDs on the Si surface was achieved utilizing an AFM and 

local anodic oxidation (known as scanning probe lithography).250,252-254 The oxide 

formation is thought to occur by ionization of water (caused by the electric field of the 

AFM tip) and formation of hydroxides (HO¯) that oxidize the Si surface (under ambient 

conditions).255-256 The method is depicted in Figure 6.3. A Si-dodecyl layer is initially 

formed (as discussed above), followed by local oxidation of the dodecyl monolayer with 

an AFM tip.255 Removal of the oxide using HF results in a Si-H terminated surface at the 

(a) 

(b) 

(c) 
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cavity antinode. The dodecyl monolayer is unaffected by the HF treatment.257 The wafer 

is then dipped in a QD solution that results in preferential adhesion to Si-H. Finally, the 

sample is rinsed with solvent to remove QDs that underwent non-selective binding. An 

example of the site-selective grafting is shown in Figure 6.4 for a 4x4 series of oxide 

spots. Clear selectivity of the PbSe QDs to the AFM patterned spots is observed. A 

significant improvement in single particle selectivity-resolution over previous reports has 

been achieved.250,258-259 

 

 
 

Figure 6.4. (A) AFM image (1 x 1 µm2) of 2.5 nm high oxide spots on Si-dodecyl. (B) 1.5 nm 

deep etched pits after HF treatment. (C) SEM image of patterned PbSe QDs. Scale bar is 200 nm. 

 

This method was then applied to the PC cavities with some success. However, a 

significant roadblock resulted from lack of PL after washing the QDs, despite the QDs 

still being grafted (confirmed by SEM and AFM). The solvent wash likely removes 

oleates from the surface of the QDs that passivate surface trap states on the QDs. As a 

result of the lack of PL, the samples were not washed in order to maintain PL. This 

resulted in some non-selective binding of QDs around the PC cavities (shown in Figure 

6.5). Despite this, QDs were grafted reproducibly at the cavity antinode and a large 
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enhancement (due to the Purcell effect) of rougly 9x (defined as height of the cavity-

coupled emission signal above the noncoupled background signal, normalized to the 

background at the cavity mode frequency) was measured (see Figure 6.5). The increase 

exceeds previously reported techniques by more than an order of magnitude.244,246-248 The 

nonselectively attached QDs account for the broad background PL that is not enhanced 

by the cavity mode. The QD-cavity interaction and coupling physics are currently under 

investigation. 

 

 

 

 

 

 

 

 

 
Figure 6.5. (left) AFM image of PbSe QDs on a Si-based microcavity (scale bar 200 nm). (right) 

PL spectrum at room temperature. Inset is a Lorentzian fit to the cavity mode. 

 

6.2.2. Improved Selectivity with Fluorocarbons 

Although the technique described above increases selectivity and cavity-QD coupling 

was observed, the shortcomings of the method revolving around the washing stage is of 

major concern in the design of a SPS that requires a single QD positioned at the cavity 

antinode. As such, a chemical strategy to increase selectivity further that would avoid any 

washing stage was investigated. 

 

5500 6000 6500 7000 7500
0.0

0.2

0.4

0.6

0.8

1.0

 

 

PL
 (a

.u
.)

Energy (cm-1)

6650 6660 6670 6680
0

1

 

 

 

 



 

 

163 

 
Figure 6.6. Schematic of a 1H,1H,2H-perfluoro-1-decene molecule. 

 

Fluorocarbons (e.g. PTFE, known by the brand name Teflon®) have found a wide 

range of applications due to their extremely low reactivity (i.e. chemically inert) and 

fluorophobic nature.260 1H,1H,2H-perfluoro-1-decene (shown in Figure 6.6) was grafted 

to the surface of Si (similarly to 1-dodecene) and investigated under QD wash-free 

conditions. Successful monolayer formation was confirmed by X-ray photoelectron 

spectroscopy (XPS) (shown in Figure 6.7). The functionalized Si (Si-F) surface was 

dipped in QD solution, removed and dried with Ar. No washing step was performed for 

these samples. A typical SEM image is shown in Figure 6.8. Unlike the Si-dodecyl 

surface that had a large number of randomly grafted PbSe QDs on the surface without 

washing, the Si-F surface shows a very different QD monolayer behavior. Rather than 

random attachment, the QDs are ‘clumped’ together with large regions with no QDs 

attached. This suggests that in addition to minimizing the number of QDs attached after 

dipping, the QDs are also attempting to minimize their free energy by ‘avoiding’ the Si-F 

surface due to its fluorophobic properties. Although QDs are still present on the surface, 

the new surface is promising and careful control over solvent conditions and dipping 

speeds may result in no QDs attached. This should substantially improve QD selectivity 

without the need for a washing stage. Efforts in our lab to find the optimal conditions to 

achieve this goal are ongoing. 
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Figure 6.7. XPS survey scan of a 1H,1H,2H-perfluoro-1-decane monolayer on SOI. Fluorine, 

carbon, and silicon XPS signals, confirming the presence of 1H,1H,2H-perfluoro-1-decane. 
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Figure 6.8. (top) PbSe QDs grafted to a Si-H surface. (bottom) The same batch of PbSe QDs 

grafted to a Si-F surface. 

 

The high density of QDs bound to Si without specificity is a major drawback of the 

described techniques. In the next section, an entirely different approach is discussed that 

may one day lead to greater selective attachment of the QDs to Si. 
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6.2.3. Optical Trapping 

In 1986, Arthur Ashkin at AT&T Bell Laboratories discovered that highly-focused 

laser light could trap small micron-sized dielectric spheres.261 The pioneering method is 

now known as ‘optical tweezers’. The technique has found success in a wide range of 

fields, most notably the field of biotechnology to trap live virus and bacterium cells 

(several micrometers to hundreds of nanometers in size), among others, in liquid 

environments.262-264 For these relatively large size ranges (as compared to a ~5 nm QD) 

suspended in a liquid environment, the main challenge is to overcome Brownian motion. 

Stable trapping of smaller particles (<100 nm) is significantly more challenging 

(described below), but some progress has recently been made.265-268 

A simple optical trap is formed by focusing a laser beam with an objective lens. A 

dielectric particle that is in the focus of the beam will experience a force.261-264,269 

Understanding the radiation force depends on the particle size compared to the 

wavelength of light. If the particle is much larger than the wavelength of light (Mie 

regime) then basic ray optics can explain the optical force. For instance, when the particle 

enters the radiation field of the tightly focused laser, the light rays will reflect and refract 

leading to change in the light’s momentum. The particle then experiences an equal 

momentum change in the opposite direction according to conservation of momentum 

(Newton’s third law). As a result of the forces acting on the particle, it is drawn towards 

the focus point of the laser light.  

Alternatively, if the particle size is much smaller than the wavelength of light 

(Rayleigh regime) then the particle develops an electric dipole moment caused by the 

light’s electric field. The gradient and scattering forces on the particle can be calculated 

in this case, by approximating the polarizable particle as a point dipole. Calculation of the 
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complete force acting on the particle is beyond the scope of this thesis; the reader is 

referred to Ref270.  

A common problem with optical tweezers is that the minimum particle size that can be 

trapped will depend on how tightly the laser light can be focused, and will be therefore 

ultimately limited by diffraction. Additionally, small particles tend to have a small total 

polarization requiring very large field gradients to achieve the forces required to 

overcome Brownian motion.  

More recently, the idea that microcavities in a PC slab can create an optical trap effect 

because the electromagnetic field is tightly confined within the cavity has emerged.271-274 

This would lead to a very strong optical gradient force on nearby particles, thus reducing 

the laser power required. An additional advantage is the automatic accurate positioning of 

the particle at the antinode compared to requiring complicated alignment systems using 

traditional optical tweezer methods. The same properties (high Q, small mode volume) of 

the microcavities required for control over the spontaneous emission rate of the QDs are 

also required for maximizing the optical traping force of the cavity antinode. 
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Figure 6.9. A Si PC chip, designed by Dr. Jeff F. Young’s group at the University of British 

Columbia, that should be able to trap ~50 nm Au NPs (based on their simulations).270 Grating 

couplers and waveguides allow for excitation of QDs at cavity center and efficient collection of 

photons.   

 

A complete theoretical calculation of the optical force achievable for the PC design 

shown in Figure 6.9 is provided in Ref270. In that work, it was shown that a minimum ~50 

nm size particle can be trapped at the antinode of the PC cavity (in an organic solvent 

environment) using a 5 mW CW tunable diode laser source (1530 to 1620 nm). The 

particle should also have a large refractive index contrast from the solvent (n = 1.445). 

Although a substantial decrease in particle size compared to standard optical tweezers, 50 

nm is still much larger than the PbSe QD size required for emission at 1.55 µm (~5 nm in 

size). In the following section a strategy to increase the QD size while maintaining 

emission in the telecommunications window is presented and discussed. Once assembled, 

an optical trapping setup could position a single particle long enough that chemical 

methods could permanently fix the particle in place. 
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Two strategies are possible to increase particle size while maintaining quantum 

confinement: (1) grow a thick shell or (2) attach the QDs to the outside of larger particles. 

The first option poses problems with maintaining the high-quality optical properties of 

the QDs. For instance, in chapter 3 silica-coated QDs had no observable PL (they also 

have poor refractive index contrast with organic solvents). Cation-exchange methods are 

not feasible as they require large PbSe particles to begin with, not to mention that 

exchanging cations to a thickness of 50 nm is currently not possible. Growing a ZnS shell 

on a PbSe/CdSe core/shell QD is another option, but no successful procedure has been 

reported for shell thicknesses approaching 50 nm (typically limited to a few monolayers). 

For the above reasons, attaching the QDs to the outside of larger particles was the chosen 

strategy. 

It turns out that there are not that many particles that have sizes in the range of ~50 nm 

with good control over their size dispersion. QDs are typically smaller than 10 nm and 

polymer beads are in the range of a few hundred nanometers to micrometers. Most 

polymer beads (as well as silica) have poor refractive index contrast with organic 

solvents. The most suitable nanoparticle choices are those composed of noble metals (e.g. 

silver, gold, etc.), due to their refractive indices and chemical stability. Of those, the best 

developed are Au nanoparticles (NPs).  

Au NPs have been around for several centuries. In medieval times, stained glass was 

often colored by adding gold salts to molten glass that nucleated into Au NPs. Solution 

Au colloids were first prepared in 1857 by Michael Faraday275, but it was many years 

later that the synthetic methods were both simplified and optimized (examples include the 

works of Turkevitch276 in 1951 and Frens277 in 1973).278 The color of colloidal Au NPs is 
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a result of coherent electron oscillations at the particle surface, referred to as ‘surface 

plasmons’ (SPs).278-282 

 
Figure 6.10. A ruby red colored solution of stable colloidal of Au NPs. 

 

Mie theory dictates that for small metal NPs, light can induce a coherent oscillation of 

the free electrons at the surface of the NP, if the particle size is much smaller than the 

wavelength of light.280-281 The collective oscillation of the electrons gives rise to 

characteristic SP bands. For spherical Au NPs in the 5 to 20 nm range, the band occurs 

near 520 nm (i.e. green light) resulting in an observed ruby red color solution (see Figure 

6.10). The SP band depends on the size and shape of the NPs. For instance, Au nanorods 

(NRs) have two plasmon bands; one due to oscillation along the length of the NR and the 

other along the width.283 The position of the two bands depends on the NR aspect ratio. 

There are a number of methods available for preparing colloidal gold NPs that are 

suspended in either water or organic liquids.280-281 For the Au NPs discussed here, 
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chloroauric acid (H[AuCl4]) is first dissolved in solution under rapid stirring. Sodium 

citrate is then introduced into the reaction which acts as both reducing agent and 

stabilizer. The Au3+ ions are reduced to neutral gold atoms forming a supersaturated 

solution followed by NP growth from solution as described by the LaMer nucleation-

growth model presented in chapter 3. The result is Au NPs suspended in water that are 

~13 nm in size. To increase the Au NP size further, a second growth reaction was 

performed utilizing the ~13 nm gold NPs as seeds.284-285 Additional citrate ligands were 

added to stabilize the much larger NPs (~50 nm in diameter). Synthetic details can be 

found at the end of the chapter in section 6.4. 
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Figure 6.11. TEM images of (top, left) ~13 nm Au seeds and (top, right) ~50 nm Au NPs. 

(bottom, left and right) SEM images of ~50 nm Au NPs. 

 

TEM images of the Au seeds and Au NPs are shown in Figure 6.11, confirming 

particle sizes of 13 ± 1 nm and 50 ± 10 nm, respectively. The Au seeds are uniform in 

shape and the size dispersion is well controlled. The Au NPs show irregular shapes, 

consistent with previous reports.284-285 SEM imaging was possible due to the highly 

conductive nature of Au and further confirmed the size distribution of the particles. 

Light-matter interactions near metal surfaces have been studied widely.286-288 SPs in 

particular have drawn a great deal of attention for their use in surface plasmon resonance 
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experiments, such as surface-enhanced Raman spectroscopy (SERS).289 An important 

implication of SPs is that they can significantly affect the PL intensity of a nearby emitter 

by modifying the local electric field.290-293 For Au NPs, there is an enhanced 

electromagnetic field at the NP surface due to localized SPs. Gold can also significantly 

quench the luminescence if the emitter is in close proximity to the metal. This arises from 

non-radiative, Förster-like energy transfer to the metal that quickly quenches the 

luminescence. As a result, PL can be either enhanced or quenched depending on the 

distance of the emitter from the metal. 

 

 

 
 

Figure 6.12. Schematic of a monofunctionalized silica-coated Au nanoparticle bound to a single 

PbSe/CdSe core/shell QD. 

 

Klimov and co-workers were able to control the distance between CdSe QDs and Au 

NPs using a dielectric spacer (SiO2).292 They also investigated in detail the effect of the 

dielectric thickness on the optical properties of the CdSe QDs (in the visible spectral 

region). In that work the goal was to achieve enhancement of the CdSe QD PL yield by 
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optimizing the QD-Au NP distance. A similar approach is adapted herein, however the 

primary goal is to use the Au NPs as a transportation vessel for PbSe QDs in an optical 

trapping setup afforded by the larger Au NP size (as shown schematically in Figure 6.12). 

Although enhancement of the PL yield would be beneficial, retaining the PL intensity for 

PbSe QDs in the NIR is of primary interest considering the clear challenges associated 

with maintaining PL for these materials upon functionalization (unlike CdSe and 

CdSe/ZnS QDs). To date, no report has been given on PbSe QDs attached to Au/SiO2 

NPs.    

A silica shell was grown on the Au NPs following a procedure reported previously.284-

285 Shell growth occurs by hydrolysis and condensation of TEOS in solution on to the Au 

NPs. The shell thickness is controlled by the TEOS concentration. Silica surfaces have a 

large number of silanol groups that can be further reacted with e.g. silane groups on 

molecules. A chemical reaction between the silanol groups on the SiO2 surface and (3-

aminopropyl)triethoxysilane (APTES) resulted in –NH2 functionalization. A common 

solvent (THF) between PbSe QDs and the modified Au/SiO2 NPs was chosen and the two 

were mixed overnight. Similar to CdSe QDs,292 the PbSe QDs self-assembled onto the 

surface of the silica shell because of the interaction between the PbSe QDs and the –NH2 

functional groups. Careful control over reagent and particle concentrations could lead to 

roughly one QD per Au/SiO2 NP. Recently, work on NPs with a mono-functional group 

has been reported294-295 and efforts towards this goal are ongoing in our lab. 
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Figure 6.13. (top) TEM images of silica-coated Au NPs. (bottom) TEM images of silica-coated 

Au NPs “decorated” with colloidal PbSe QDs. 
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TEM images of the Au/SiO2 NPs before and after coating with QDs is shown in Figure 

6.13. On average, the silica shell thickness was 50 ± 10 nm (the Au core size is the same 

as above). Both the gold NPs and shell thicknesses are somewhat irregular in shape and 

size. There are reports that mercaptopropyltrimethoxysilane (MPTMS) may help to 

improve shell uniformity by first exposing the Au NPs to MPTMS prior to silica-coating, 

but this was not investigated here.292 More than one Au NP was occasionally observed 

inside a silica shell, as well as a few empty silica beads. A large number of QDs were 

found attached to the surface of the Au/SiO2 NPs after mixing (as shown in Figure 6.13). 

The number of QDs likely depends on the number of –NH2 functional groups on the 

surface of the particles. 

Absorption spectra for the Au NPs before and after silica-coating are shown in Figure 

6.14. The sharp peaks near ~550 nm are attributed to the surface plasmon resonance. The 

red shift associated with silica-coating is due to an increase in the local refractive index 

of the surrounding medium. 
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Figure 6.14. Absorption spectra Au seeds, Au NPs, and Au/SiO2 NPs. 
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Au/SiO2 NPs functionalized with PbSe core QDs did not show measurable PL 

intensity. However, when the same procedure was applied to PbSe/CdSe core/shell QDs, 

PL intensity was observed (Figure 6.15). As expected, the PL intensity is low due to the 

small particle concentrations involved. The ‘dip’ in PL intensity observed at ~1200 nm is 

caused by solvent absorption (shown in Figure 6.15).  

800 1000 1200 1400 1600
0.0

0.2

0.4

0.6

0.8

1.0  Au/SiO2/QDs
 Fit
 PbSe/CdSe

 

 
PL

 In
te

ns
ity

 (a
rb

. u
ni

ts
)

Wavelength (nm)  

800 1000 1200 1400 1600
0.0

0.2

0.4

0.6

0.8

 

 

Ab
so

rb
an

ce

Wavelength (nm)

 THF

 
Figure 6.15. (top) PL spectrum of silica-coated Au NPs functionalized with PbSe/CdSe QDs 

(solid, red), Gaussian fit to the PL spectrum (blue, dash), and original PbSe/CdSe PL (black, 

dotted). (bottom) Absorption spectrum of THF solvent, showing a strong absorption at ~1200 

nm. 
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As a result of the lower PL intensity (caused by a low concentration of QDs), QY 

measurements using an integrating sphere approach were not possible. However, the PL 

lifetime was measured and is shown in Figure 6.16. The measured lifetime was ~1.2 ± 0.1 

µs, which is significantly shorter than the lifetime of the original PbSe/CdSe QDs (2.5 ± 

0.3 µs). There are a number of contributing factors to the measured decrease in lifetime 

(e.g. changes in local refractive index). In particular, the large number of QDs on the 

surface of the silica-coated gold nanoparticles and their close proximity could result in 

efficient inter-QD energy transfer. Significant decreases in lifetimes have been measured 

for PbSe and PbS QDs as thick and monolayer films.227,229,231 The silica shell is likely too 

thick (~50 nm) to allow for any interactions between the bound QDs and the gold 

nanoparticles, and so we do not attribute the decrease in lifetime to the gold NPs. 
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Figure 6.16. Lifetimes measurements of (top) PbSe/CdSe core/shell QDs and (bottom) silica-

coated Au NPs functionalized with PbSe/CdSe QDs. 

6.3. Conclusions 

In conclusion, a method to attach selectively colloidal PbSe QDs at the antinode of a 

L3-type photonic crystal microcavity was presented. The method uses a conducting AFM 

tip to locally anodize a Si-dodecyl surface at the cavity antinode. After dipping the 

substrate in HF, a Si-H spot at the cavity antinode was produced. Dipping the 

functionalized Si substrate in a solution of PbSe QDs showed preferential adhesion of the 
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QDs to the Si-H spot. Room temperature PL revealed a large cavity-enhancement for 

unwashed samples, but samples that were washed had either severely degraded PL or 

none at all. To avoid the necessity of a washing stage, a new Si-F surface was prepared 

that shows promise for enhanced selectivity without washing.  

A second approach to selectively attach QDs was also reported, utilizing the enhanced 

electric field gradient near the PC cavity to optically trap QDs. To increase the particle 

size for optical trapping experiments, silica-coated ~50 nm Au NPs were prepared and 

“decorated” with PbSe/CdSe QDs. The new material retained PL in the NIR and should 

prove useful in forthcoming optical trapping experiments. 

6.4. Experimental Section 

Reagents and Materials. 1-dodecene (95%), 1H,1H,2H-perfluoro-1-decene (99%), 

and (3-aminopropyl)triethoxysilane (APTES) were purchased from Sigma-Aldrich. HF 

(48%) was purchased from Fisher Scientific.  

Quantum Dot Synthesis. High-quality colloidal PbSe core and PbSe/CdSe core/shell 

QDs were prepared as reported in chapter 3. The PbSe QD solution was filtered through a 

0.02 µm filter (Anopore, Whatman Inc.) before grafting to Si surfaces. 

Photonic Crystal Microfabrication. PCs were prepared by Dr. Jeff F. Young’s group 

at the University of British Columbia. 

Finite-difference Time Domain Calculations. FDTD simulations of the electric field 

distribution in the microcavity were performed by Dr. Jeff F. Young’s group at the 

University of British Columbia using software from Lumerical Solutions, Inc. 

Hydrogen-terminated Si surface (Si-H). SOI or n-type Si (100) wafers were rinsed 

with solvents (hexane, isopropanol, DI water), followed by an RCA clean for 15 min at 
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~70 oC. The wafers were then rinsed with DI water, dipped in 1:20 HF (48%):H2O for 1 

min, then rinsed with DI water again and dried under a stream of N2. 

Si functionalization. Si-H substrates were added to a solution of 1-dodecene (or 

1H,1H,2H-perfluoro-1-decene) molecules in a flask at 200 oC for 2 hrs. After cooling to 

room temperature, the samples were rinsed several times with hexane, followed by 

acetone, iso-propanol and DI water, then dried with N2. The contact angle (θ) of a water 

droplet was calculated from the measured droplet parameters (wetted radius r, height h) 

by using the formula:  

 






=

r
harctan

2
θ  

(6.1) 

QD monolayer formation. Si-H substrates were placed in a clean vial and covered 

with QD solution (typically ~5 mg/mL). The samples were then rinsed with hexanes and 

dried with N2. Unwashed samples were prepared by dipping the Si-H substrated in a QD 

solution and withdrawing at speeds between 0.1 and 1 cm/s2. 

The synthesis of silica-coated Au NPs follows from previous reports.284-285 First, gold 

seeds (~13 nm in diameter) were prepared by injecting a sodium citrate solution (5 mL, 

38.8 mM) into a boiling aqueous solution of HAuCl4 (50 mL, 1 mM), under vigorous 

stirring, for 15 min. Seeded growth of larger 50 nm gold NPs involved preparing a 

solution of aqueous HAuCl4 solution (125 mL, 0.296 mM) and heating to boil, followed 

by sequential injection of as-prepared seed solution (1.125 mL) and sodium citrate 

solution (0.56 mL, 38.8 mM) under rapid stirring. The solution was boiled for 30 min. 

Additional sodium citrate solution (5.0 mL, 38.8 mM) was then added as extra stabilizer 

and the solution heated further for one additional hour. Silica-coated gold NPs were 

prepared by first mixing as prepared gold NP solution (1.5 mL) with isopropanol (5 mL) 
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with rapid stirring. Ammonia (0.125 mL, 30 wt.%) was then added slowly, followed by 

addition of TEOS in iso-propanol (0.6 mL, 10 mM) four times within 6 hrs (at 2 hr time 

intervals). The solution was stirred for an additional 18 hrs. The reaction mixture was 

centrifuged at 6000 rpm (relative centrifugal force of ~3900g) for 15 min and redispersed 

in ethanol for further washing. After three rounds of centrifugation and washing, the 

Au/SiO2 NPs were dispersed in ethanol (~1.5 mL).  

Functionalized Au/SiO2 NPs. Two batches of Au/SiO2 NPs were combined in ethanol 

(total volume of 5 mL) and mixed with APTES (0.8 mL) for 24 hrs at 60 oC. The NPs 

were then isolated by centrifugation and washed with THF. PbSe/CdSe QDs were dried 

with Ar and re-dispersed in THF. ~30 mg of PbSe/CdSe core/shell QDs in THF were 

mixed with the Au/SiO2 NPs in THF (total volume 5 mL) for 24 hrs at room temperature. 

The NPs were then centrifuged and washed twice with THF, then re-dispersed in 3 mL of 

THF for photophysical characterization. 

An MFP-3D (Asylum Research, Inc.) Atomic Force Microscope (AFM) equipped 

with a conducting Pt-coated tip (AC-240TM Electrilever, Olympus Corp.) was used to 

carry out local oxidation of the Si surfaces. Local oxidation was carried out in contact 

mode (applied forces in the range of 11 to 34 nN), while images were obtained in tapping 

mode. Oxide spots were produced with a voltage pulse between 4 and 6 V in amplitude 

and 0.1 to 1 s in duration. 

Scanning Electron Microscopy (SEM) was carried out using a Hitachi S-4800. The 

secondary electron upper detector was utilized for QD imaging. A 20.0 kV voltage and 

10 µA current setting, with a working distance of ~5.0 mm (objective 4) were typically 

used.   
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An FEI Tecnai 200 keV Field Emission Scanning Transmission Electron 

Microscope was used to collect transmission electron microscopy (TEM) and high-

resolution TEM (HR-TEM) images. Samples were deposited on thin, carbon-coated 

copper grids for imaging. 

X-ray photo-emission spectra (XPS) were acquired with a Leybold MAX200 

spectrometer with Al Kα excitation. Photoelectrons were collected at 90o from the 

surface. Spectra were reference to the C 1s peak (285.0 eV).  

Absorption spectra were recorded on a Perkin-Elmer LAMBDA 1050 UV/Vis/NIR 

spectrophotometer. Solution photoluminescence measurements were performed at 

room temperature under ambient conditions using an Edinburgh Instruments FLS 920 

instrument and a 5.0 mW HeNe laser from Thor Labs as the excitation source (λex = 633 

nm). The excitation light was focused on a square quartz cuvette (1 x 1 cm2) containing 

the QD solution in TCE. The emitted light was fed to a monochromator (600 lines/mm 

grating) and collected with a liquid nitrogen-cooled Hamamatsu R5509 photomultiplier 

tube (PMT) with sensitivity up to 1620 nm or an InGaAs detector (Edinburgh 

Instruments NIR 301) with sensitivity up to 2200 nm. A silicon filter in front of the 

emission monochromator was used throughout the measurements. The emission spectra 

were corrected for the instrument response. 

QD monolayer samples were immediately transferred to a cryostat and put under 

vacuum (~10-5 torr). The QDs were excited with a tightly focused HeNe CW laser (λex = 

633 nm). The excitation laser was attenuated to 21 W/cm2. The focus point of the laser on 

the sample was ~ 2.3 µm. The PL from the samples was collected with a confocal 

microscope setup and sent to a Bruker RFS100 FT-Raman spectrometer (used as an FT-
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IR spectrometer) equipped with a nitrogen-cooled high-sensitivity Ge detector (response 

spectral range from 850 to 1690 nm) (see Figure B4 of the appendix). The emission 

spectra were corrected for the instrument response. 
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Chapter 7. Conclusions and Possible Future Work 

 

7.1. Conclusions 

This work has reported the synthesis and in-depth characterization of lead chalcogenide 

quantum dots (QDs) towards the goal of designing a scalable single photon source (SPS) 

between 1.3 and 1.6 µm (telecommunications window). Two scalable approaches to 

integrate colloidal QDs at the centre of a silicon photonic crystal (PC) microcavity were 

also described. The lead salt QDs offer access to the strong quantum confinement regime 

that results in well-defined atomic-like electronic states.77 Their electronic structure 

should allow for the generation of single photons on-demand when excited by short 

optical pulses. 

Chapters 1 and 2 of this dissertation have provided an introduction to SPSs based on 

colloidal QDs. The spontaneous emission rate of an emitter can be enhanced by placing it 

inside an optical cavity.37,40,108,111,113-118 Chapter 2 introduces an SPS design composed of 

a single colloidal QD inside a microcavity of a two-dimensional silicon photonic crystal 

slab. In addition to modifying the light emission of the QD, the microcavity can be 

coupled to waveguides on the PC slab for improved excitation and photon collection 

efficiency. 

The synthesis and characterization of PbSe and PbS colloidal QDs is presented in 

chapter 3. The size of the QDs was carefully controlled by the reaction conditions (e.g. 

reaction temperature and time). The synthesized QDs have narrow size distributions (~5 

%) and optical transitions in the near-infrared region. The QDs were analyzed by 

transmission electron microscopy (TEM), X-ray diffraction (XRD), and elemental 



 

 

186 
analysis. Their optical properties were characterized by absorption, photoluminescence 

(PL), and PL lifetime measurements. A large portion of chapter 3 examined the synthesis 

of PbS QDs and a new synthetic method was presented that incorporates 

trioctylphosphine into the reaction. These new PbS QDs have room-temperature absolute 

quantum efficiencies as high as 80% in solution (measured with an integrating sphere). 

The synthetic method for PbS QDs was modified further to grow QDs at room-

temperature with reproducible emission at 800 nm. PbSe/CdSe core/shell QDs were 

prepared by a cation exchange reaction.153 A blue shift of the exciton peaks was 

measured by absorption spectroscopy, consistent with a smaller core size after cation 

exchange. The same total particle size before and after cation exchange was confirmed by 

TEM. These core/shell QDs have improved photo-stability over the PbSe QD precursor 

material. The cation exchange procedure was extended to produce CdSe and HgX (X = 

Se and S) QDs. Chapter 3 concludes with an investigation and comparison of three 

different surface modification strategies (silica-coating, ligand exchange, and ligand 

intercalation). Of the three methods presented, only ligand intercalation [with 

poly(ethylene glycol) monooleate] shows promise for retaining PL and long-term 

(photo)stability. 

A thorough study of the core/shell structure of PbSe/CdSe QDs was described in 

chapter 4. High angle annular dark field (HAADF) imaging and energy-filtered TEM 

(EF-TEM) proved that the QDs do indeed have a core/shell structure. This was further 

confirmed by energy-dependent X-ray photo-emission spectroscopy (XPS) which showed 

a Pb/Cd ratio that increases with increasing kinetic energy. This confirms that Pb2+ is 

located in the core and Cd2+ in the shell, because photo-electrons from the core are 
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screened by the shell at low kinetic energies. Energy-dependent high-resolution XPS was 

also used to probe chemical speciation inside the quantum dots. It has been shown that 

the PbSe QDs have some PbO present on the surface, but the PbSe/CdSe core/shell QDs 

do not. There is also strong evidence for structural reconstruction and/or lattice strain at 

the surface of the PbSe QDs and at the interface between core and shell in the PbSe/CdSe 

QDs. Finally, small-angle X-ray scattering (SAXS) and small-angle neutron scattering 

(SANS) were combined to probe the inorganic and organic structure of the QDs. It was 

found that the thickness of the ligands is consistent with a well solvated, but slightly bent, 

oleate layer. Chapter 4 concluded by combining data from all of the above techniques to 

create a structural picture of the colloidal PbSe and PbSe/CdSe core/shell QDs which 

shows greater complexity than previously reported. 

Chapter 5 discussed the temperature-dependent PL (and absorption) from thick drop-

cast films of PbSe QDs in the temperature range of 4.5 to 295 K. The QDs exhibit an 

Arrhenius-type decrease in PL yield as temperature increases and a non-trivial 

temperature dependence of the Stokes shift and PL lineshape. A thermal model (that 

includes state broadening) was presented that explains the Stokes shift and PL lineshape 

over the entire temperature range. The temperature-dependent Stokes shift is completely 

explained by thermalization of the exciton population. The change in line width is also 

accounted for by thermalization and the onset of degeneracy below ~100 K, while above 

~125 K it is controlled by thermal dephasing. The chapter ended with a comparison of the 

temperature-dependent PL from PbSe/CdSe core/shell and PbSe core QDs. It was 

determined that the CdSe shell leads to a four-fold increase of the activation energy for 

non-radiative exciton decay. Further analysis of the emission shift and lineshape revealed 



 

 

188 
that the cation exchange reaction broadens the QD size distribution by ~40% and the 

temperature-independent state broadening by a similar amount. The temperature-

dependent contribution for PbSe/CdSe core/shell QDs is similar to that in the PbSe cores. 

Positioning single QDs inside a PC microcavity is advantageous in that it allows for a 

significant increase in spontaneous emission rate (through the Purcell effect) and it also 

provides a method for efficient collection of photons.37 Chapter 6 discusses two methods 

for positioning colloidal QDs at the center of a two-dimensional silicon PC slab 

microcavity. The first method described uses scanning probe lithography to oxidize 

locally the center of the cavity. The silicon PC slab is chemically functionalized before 

the lithography takes place to ensure QDs do not bind to any part of the PC surface. After 

local oxidation and an HF treatment, the QDs bind to the center of the cavity (and QD 

numbers are minimized in regions around the cavity). Despite the large improvement in 

site-selectivity (and additional efforts with Si-F surfaces), the method has not yet been 

optimized to position reproducibly a single QD. For this reason, the second part of 

chapter 6 described a different positioning method based on optical trapping. Recent 

simulations270 have shown that optical trapping near the cavity is possible (because the 

electromagnetic field is tightly confined within the cavity), but trapping forces would be 

larger for bigger particle sizes. Therefore, the preparation and characterization of silica-

coated gold nanoparticles functionalized with PbSe/CdSe QDs was presented. These new 

functional materials have larger size (~50 nm) and still maintain PL in the near-infrared 

region. It is anticipated that these new materials will be used in forthcoming optical 

trapping experiments to position QDs at the center of the PC microcavity. 
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7.2. Possible Future Work 

The comprehensive body of work presented in this dissertation will help to further the 

development of near-infrared emitting colloidal QDs for applications as single photon 

emitters. Despite the progress presented, there remains additional work to be completed, 

in order to understand these unique materials and to achieve the final goal of an 

operational SPS in the near-infrared. The following discusses possible future work to 

help in this direction. 

From a synthetic point of view, it would be interesting to investigate different types of 

cations that could be used in the cation exchange reaction (discussed in chapter 3) to 

develop new materials. Our group has looked at Hg2+, Zn2+, Mn2+, and Cu2+ (to name a 

few), but Cd2+ cations have so far shown the most promise for core/shell formation. 

Although the PbSe/CdSe core/shell QDs do show an improvement in photo-stability and 

an increase in the activation energy for non-radiative decay compared to the bare PbSe 

QDs, it would be beneficial to find methods to push that value up to room temperature. In 

addition, a recently reported quasi type-II band alignment means that charge carriers are 

able to interact with the surface of the QD because the wavefunctions extend across the 

particle.201-202 In order to compensate for both of these problems, PbSe/CdSe core/shell 

QDs grown by cation exchange could be passivated by an additional shell of ZnS, thus 

forming PbSe/CdSe/ZnS core/shell/shell QDs. The CdSe shell allows for growth of a ZnS 

shell (not possible for the bare PbSe QDs) that typically requires high temperatures for 

growth (> ~150 oC).153 The additional ZnS shell should also help to reduce the toxicity of 

these materials facilitating their use in applications, improve further the photo-stability, 

keep all the charge carriers confined to the core (type-I band alignment), and improve on 
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room-temperature performance in the solid state. To date, no temperature-dependent PL 

studies of PbSe/CdSe/ZnS QDs have been reported. 

This work has only investigated (quasi-)spherical QDs, but different shapes could also 

have different and interesting properties that may be useful for quantum optics 

applications. In particular, developing a material with an anisotropic shape (such as a 

nanorod296) could be beneficial because of its polarized emission. The two-dimensional 

silicon photonic crystals (described in chapter 6) have polarized cavity modes that could 

be coupled more efficiently to anisotropic quantum emitters. Anisotropic PbSe QDs are 

currently under investigation in our lab. 

The advanced characterization work discussed in chapter 4 has elucidated the core/shell 

structure for PbSe/CdSe core/shell QDs prepared by cation exchange. Further work is 

necessary to understand the exact mechanism of exchange that leads to the surprisingly 

pure (no detectable lead is present) and uniform CdSe shell. The characterization work 

began as an investigation to provide evidence for the core/shell structure of these 

materials, but it has also revealed QDs with greater complexity than previously reported. 

The reconstruction that occurs near the surface of the PbSe QDs and at the interface 

between the core and shell for the PbSe/CdSe QDs would benefit from further 

experimental and modelling work to understand its origin. Recently it has been reported 

that PbSe/CdSe QDs have an emissive state with reduced oscillator strength.201 This is 

supported by the lifetime measurements discussed in chapter 4. Simulations are underway 

to understand the effect of reconstruction and interfacial strain on the electronic 

properties of these QDs. Three-dimensional holography with an aberration-corrected 

TEM may one day help locate the structural changes measured by high-resolution 
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XPS.297 Finally, the SANS experiments discussed were exploratory in nature (there are 

no reports of SANS experiments on these QDs) and the project could benefit from further 

experiments, such as contrast matching experiments (e.g. deuterated ligands) to probe 

these materials further. 

Chapter 5 discussed the temperature-dependent PL of PbSe and PbSe/CdSe QDs. It 

would be useful to extend these measurements to PbS QDs as well. As discussed in 

chapter 5, temperature-dependent PL spectroscopy is a capable tool for studying the 

radiative and non-radiative relaxation processes of the QDs. Contributions to line width 

for the PbS QDs could be identified and compared to the PbSe QDs. As mentioned 

above, growth of an additional ZnS shell may support further improvements in high-

temperature performance. Therefore, the temperature-dependent PL of PbSe/CdSe/ZnS 

QDs should be measured as well. 

For single photon emission applications, one QD must be positioned at the center of the 

silicon PC microcavity. Additional QDs would lead to (detrimental) multi-photon 

emission and is currently the biggest issue to overcome to achieve a working SPS with 

these materials. Further work in this direction must be undertaken to ensure that a single 

QD is positioned at the cavity antinode and residual QDs are avoided. Chapter 6 also 

presented a new type of nanoparticle (Au/silica/QDs) that retains PL in the near-infrared, 

but has a much larger size (~50 nm). Optical trapping experiments with these new 

materials should be undertaken to position a single particle at the center of the PC cavity. 

To ensure that one QD is attached to the Au/silica nanoparticle, experimental work to 

monofunctionalize the Au/silica nanoparticles will be necessary. 
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 Appendix A. Supplementary Information to Chapter 4 

 

 

 
Figure A1. Low magnification HR-TEM images of PbSe/CdSe core/shell QDs. 
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Figure A2. Histograms of the size distributions for the core (top) and overall (bottom) particle 

size of PbSe/CdSe core/shell QDs from HAADF. ~150 particles were counted. 
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Figure A3. Histograms of the size distributions for the core (top) and overall (bottom) particle 

size of PbSe/CdSe core/shell QDs from EF-TEM. ~250 particles were counted. 
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Figure A4. Pb2+ and Cd2+ photo-emission peaks at similar kinetic energy, with polynomial 

background. 
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 Appendix B. Supplementary Information to Chapter 5 
 

 

 
 

Figure B1. PbSe QDs as thick films on SOI substrates inside a helium cryostat. 
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Figure B2. Lineshape fittings of PbSe QDs at different temperatures (Red = Spectra, Green = 

Fits). 
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Figure B3. Lineshape fittings of PbSe/CdSe core/shell QDs at different temperatures (Red = 

Spectra, Green = Fits). 
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Figure B4. Experimental setup for the temperature-dependent photoluminescence measurements. 
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 Appendix C. NaYF4/NaGdF4 Core/Shell Nanocrystals 

 

(Portions of this appendix have been published previously, and are reprinted with 

permission from “Hard Proof of the NaYF4/NaGdF4 Nanocrystal Core/Shell Structure” 

Keith A. Abel

 

, John-Christopher Boyer, and Frank C. J. M. van Veggel. J. Am. Chem. 

Soc. 2009, 131, 14644. Copyright 2009 American Chemical Society.) 

(Portions of this appendix have been published previously, and are reprinted with 

permission from “Analysis of the Shell Thickness Distribution on NaYF4/NaGdF4 

Core/Shell Nanocrystals by EELS and EDS” Keith A. Abel

 

, John-Christopher Boyer, 

Carmen M. Andrei, and Frank C. J. M. van Veggel. J. Phys. Chem. Lett. 2011, 2, 185. 

Copyright 2011 American Chemical Society.) 

Chapter 4 discussed the in-depth structural characterization of PbSe/CdSe core/shell 

quantum dots. The experimental methods utilized to characterize those structures (namely 

energy-dependent X-ray photo-electron spectroscopy, high-angle annular dark-field 

imaging, electron energy loss spectroscopy, and energy-dispersive X-ray spectroscopy) 

have also been applied to NaYF4/NaGdF4 core/shell nanoparticles and are discussed 

below. 
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