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ABSTRACT 
 

This dissertation describes the methodology for using microwave chemistry to control the 

reaction kinetics and/or thermodynamics of semiconductor nanocrystalline materials. The 

introduction provides a background of synthetic methods for semiconductor quantum dots 

evolved from using micelles to highly reactive precursors and finally to high temperature 

injection and microwave chemistry to produce the maximum number of nucleation events. 

Therefore, the control over the dispersity and size of the materials to allow semiconductor 

nanocrystals to be grown has led to a vast amount of research and experimentation for modeling 

the best reaction in the most efficient method of formation. The production of the best quality 

materials is driven through selectively isolating the precursors that actively contribute to the 

most nucleation events followed by efficient growth of the nanomaterials through the use of 

microwave chemistry (Chapter 2). Using microwave chemistry, the formation of CdS quantum 

dots of high quality and tight dispersity is achieved using TOPS as the sulfur source which has 

not been achieved previously (Chapter 3). The application of classical nucleation theory to 

microwave chemistry is further explored to determine how the Ostwald ripening phenomenon 

applies to the different growth mechanisms in the synthetic methodology to explore the idea of 

re-nucleation (Chapter 4). This synthetic method can also be utilized to explore multiple crystal 

structures that are produced by simple manipulation of the precursor solution and are fully 

characterized using absorption, emission, powder X-ray diffractometry (XRD), and transmission 

electron microscopy (TEM) (Chapter 5).  
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CHAPTER 1 INTRODUCTION 
 

 

Richard Feynmann (1959) predicted in a lecture entitled “There is plenty of room at the 

bottom” that chemistry and physics in a confined environment may produce exciting 

observations.1 L.E. Brus (1984) observed quantum confinement in CdS semiconductors and 

analyzed the observation in terms of a particle in a three dimensional box. The quantum 

confinement of materials resulted in the field of nanoscience as we know it today. According to 

classical thermodynamics, the “bulk” crystal is the most stable size for semiconductor materials. 

Through efforts by L. E. Brus and R. Feynmann, we have now begun to realize that the bulk 

crystal is only the beginning of the potentials for crystalline materials, especially semiconductors 

and metals. The humble beginnings of a physicist to restrict the growth of materials into the 

nano-sized regime has lead to an exponential explosion of nanomaterials research that has 

touched every aspect of human culture including renewable energy, biology, and memory 

applications. The idea of confining the wavefunction of an exciton to a smaller and smaller area 

effectively producing quantum confinement was initially discussed and formulated by L.E. Brus 

(1984).2 Soon after, the National Science Foundation began funding numerous research projects 

targeted at developing and improving nanotechnology in the scientific community. This is 

considered the cause for the big explosion in both the industrial and academic communities for 

research in nanoscience. Industrially, nanomaterials present a way to make products smaller and 

manufacturing more cost efficient. The industrial applications for nanoscience have quickly 

become the cornerstone of most industrial companies with a vast majority of them implementing 

nanoscience into their production system. The success in the nano field provides a whole new 

world for industrial and academic advancement which would allow the ability to probe the 

realms of technology such as nanocircuits, nanomedicine, phosphors for solid state lighting,3 

lasers4, light emitting diodes,5 as well as the possibility for the best light energy conversion 

materials to date.  

Over the years, the synthesis of semiconductors and metal nanoparticles has evolved 

dramatically due to the overwhelming initial interest in materials that have vastly different 

properties as their size begins to reduce. Early success in synthesizing nanoparticles was realized 

by researchers including Murray, Bawendi, and Alivisatos. The early work was determined that 
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as a semiconductor crystalline material reduced in size, the semiconductor began to exhibit size 

dependent optical properties. This new development began to spark immense interest in the 

scientific community and research efforts were investigated to controllably synthesize smaller 

materials. 

1.1 Theory of Confinement 
The best evidence for quantum confinement is the obvious shift in the optical absorption 

and emission spectra based on the size of the nanoparticles. The absorption event occurs when an 

electron is promoted from the valence band to the conduction band producing an electron carrier 

(e-) leaving an electropositive hole (h+) behind in the valence band. So in reality, the creation of 

an exciton produces two charges, electron and the hole. The electrostatic attraction between the 

electronegative electron and electropositive hole creates an exciton in effect an e- and h+ pair 

with a defined binding energy. As a particle continues to decrease in size, the conduction band 

continues to separate into discrete energy levels effectively increasing the amount of energy 

needed to promote the electron from the valence band as shown in Figure 1.1. This increase in 

energy is better understood using a physical approach of confining a wavefunction of the exciton 

to a smaller area than the bulk would allow. The confinement of the wavefunction to a smaller 

region causes the frequency of the wave to increase with the decreasing wavelength available 

thus changing the energy required to achieve the exciton. The calculated internal energy of the 

exciton for CdSe is calculated as6,7: 

. ∑∞  (1) 

where the first term is defined as the quantum confinement term with h being Planck’s constant, 

R is the radius of the nanoparticles, me is the mass of the electron, and mh is the mass of the hole. 

The confinement term functions as 1/R2 which begins to rapidly increase as the particle goes 

from the weak confinement regime into the strong confinement regime.8 The second term 

denotes the Columbic interaction between the electron and the hole left behind where e is the 

elementary charge of a particle, εCdSe is the dielectric constant of bulk CdSe (10.6)9 and can 

range anywhere from 5-12 in   inorganic  semiconductors in the bulk, and ε0 is the vacuum 

permittivity. The Columbic term functions as 1/R, where the decrease in size causes an increase 

in this term however; since the electronic interactions would effectively decrease the exciton 
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Figure 1.1. Density of States vs Energy Levels for CdSe 

This image shows the density of states diagram that shows the bandgap and the splitting of 
electronic states for a semiconductor as a function of material size starting from atoms to 
bulk crystals.  



4 
 

energy the term is negative. The third term is defined as the polarization term where the bar 

denotes the average over the entire wavefunction and though most of its energy is lost by 

solvation, it also increases by 1/R similar to the columbic term. However, the polarization term 

adds energy to the exciton as the size of the particle decreases due to the increase in the solvation 

energy. The confinement term which rapidly increases the energy much faster than the columbic 

interaction decreases the energy through the electrostatic attraction of the electron and hole. The 

solvation term actually helps to increase the energy of the exciton as the size decreases due to the 

increasing amorphous nature of smaller particles.10 

1.2 Historical Development 
Classically, during the growth of a crystal from a precursor, the size dispersity is dictated 

by the homogeneity of the nucleation event and whether macroscopic or on the nanometer scale 

crystal growth is governed by Ostwald ripening. These processes, just presented in an 

oversimplified statement, actually require great control over the synthetic pathways and growth 

mechanisms. In attempting to grow these materials, problems arose from the lack of the ability to 

control the surface energy of the growing particle in order to produce a stable crystalline material 

that was smaller than the thermodynamic equilibrium size. Ostwald ripening was known to occur 

through the coagulation and flocculation of amorphous meso-crystalline materials leading to the 

formation of larger crystalline particles at the expense of smaller ones. The ability to generate 

smaller particles than bulk is possible by the control of the high surface energy of these 

materials. The high surface to volume ratio of these materials contributes to the instability of the 

particle due to the equilibrium of dissolution and crystallization, according to nucleation theory. 

Polymers such as styrene/maleic acid were used to control the aggregation of these materials by 

acting as a stabilizing agent to impede growth. The negative carboxylate group complexes with 

the cation surface ions to control particle-particle interactions. The ability to control the surface 

was first realized by Brus et al. where the addition of a surface passivant (or ligand) stabilized 

the amorphous agglomerated colloids thereby allowing their stable crystallization out of the 

reaction mixture, as long as the surface energy remained low. In actuality, the surfactants 

demonstrate the ability to slow the rate of growth by providing a stable intermediate size regime 

where particles can remain on the nanometer scale for extended periods of time. These new 

smaller but stable particles are allowed to grow at a much slower rate allowing for the isolation 

of much smaller sizes at low temperatures even at longer reaction times. Another advantage of 
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using these surfactants to restrict the growth of semiconductors is the ability to provide 

separation for the materials in the reaction mixture. According to the phenomenon known as 

Ostwald Ripening, the aggregation of amorphous colloids leads to selective precipitation of only 

the larger more stable materials through the dissolution of smaller materials. The sterics and 

sheer volume of the long alkyl chained phosphines and amines prevent aggregation of the 

materials. The scientists that initially tackled this problem were some of the first to use the well 

understood facets of metal ligand acid/base theory from inorganic chemistry to create stable 

interactions allowing for the reduction of the surface energy in a nanomaterial, thus controlling 

size. 11 The early experiments were carried out on CdS semiconductors due to their simplistic 

synthesis and semi toxic nature.12,13,14 

Synthetic developments in the early 90s that didn’t utilize aqueous methods for growing 

semiconductors were successfully developed by Bawendi15 and Steigerwald16 relying heavily on 

very reactive monomers and strong passivating ligands (good Lewis base) precursors to try and 

control the progress of the reaction. The use of dialkyl cadmium and zinc precursors along with 

tri-n-alkyl phosphine chalcogenides or bis(trimethyl)silyl chalcogenides were chosen to allow for 

very fast formation of materials which in effect separated nucleation and growth. Carrying out 

the reaction in the presence of a strongly passivating ligand allowed growth to be controlled. The 

resultant materials exhibited narrow size dispersity, but were prone to surface defects. Shortly 

afterward Guyot-Sionnest et al.  produced highly luminescent materials by applying a better 

method to control the surface energy of the materials thus eliminating surface states. 17 The core-

shell materials are prepared by layering the core nanoparticles with a different semiconductor 

having a higher direct bandgap with that protects the surface of the materials from oxidation and 

allows the exciton to expand into the shell typically causing a red shift in the optical data. 

Additionally, as the surface begins to reach the optimal thickness, the exciton recombination has 

less non-radiative relaxation allowing for a more efficient emission event effectively increasing 

the quantum yield of the sample.  

From this point, the scientific community begins to separate into different methods of 

synthesis. One approach that has become very popular is the continuation of the work began by 

Bawendi and Murray using high temperature injection techniques to generate nearly 

instantaneous nucleation and growth of the materials.18 The research led by Peng et al, has 

evolved from the use of highly reactive and toxic dialkyl metals (Cd and Zn) to using relatively 



 

A) 

L
 

 
B) 
 

 
Figure 

A) Synt
precurs
reactor 

 
 
 

 

C

C

C

Li4[Cd10

1.2. Synthe

thesis of Cd
ors can be p
(except the 

CdSA

CdSA

CdSA

+

+

+

0Se4(SPh

esis of CdX (

Se from a sin
performed us
CdS). 

TOP

TOP

TOP

+

+

+

h)16]     

(X=S, Se, T

ngle source 
sing tradition

PTe

PSe

PS

⎯

⎯

⎯

6 

 

    

e) 

precursor an
nal round bo

C
Alkan

C
Alkan

C
AlkaneS

⎯⎯⎯

⎯⎯⎯

⎯⎯⎯

o

o

o

240

240

240

CdSe Qu

nd B) from s
ttom synthe

C
enneSolv

C
entneSolv

entSolv

⎯⎯⎯

⎯⎯⎯

⎯⎯⎯ →

uantum 

single molec
sis or in the 

C

Cd

Cd

t

t

⎯→

⎯→

→

Dots 

ular 
microwave 

CdTe

dSe

dS



7 
 

inert metal oxides as starting materials. These materials are mixed with a carboxylate to free the 

metal and introduced to a reactive anion (TOPX, X=S, Se, Te) at high reaction temperatures. The 

injection and initial reaction generates a nucleation event which is subsequently followed by 

growth.  This method is most commonly used to produce quantum dots in literature to date 

despite its lack of reproducibility and multi-stepped process. The biggest limitation to this 

approach is the inability to safely scale up the reaction for industrial applications. 

Another approach that has been followed by many in the scientific community is the use 

of a single source precursor for the synthesis of semiconductor nanomaterials (Figure 

1.2A).19,20,21,22 Use of a single source precursor has the advantage that the elimination of high 

temperature injection of two monomers is more ideal for industrial processing and these batch 

reactions. The initial synthesis of most single precursors stemmed from the work of Strouse 

where molecular clusters were used to generate nanocrystals following the lead of Herron and 

Wang.23, 24, 25, 26  The growth of quantum dots from this precursor produces the most stable raw 

batch materials available due to the strong structured core the cluster provides. The best aspect of 

using single source precursors for nanomaterial growth is the slow reconstruction step that is 

required to form a stable critical nucleus for growth allowing for the intentional incorporation of 

dopant ions that alter the optical, structural, and magnetic properties of the growing material. 27,28  

A third direction for the nanomaterial field was work towards developing new materials 

on the nanoscale where more applications could be explored such as infrared sensors and 

photovoltaics. Most new materials included exploring III-V chemistry with the development of 

InP, InGaP, GaAs, and AlN (aluminum nitride). The materials offered the opportunity to explore 

a new group of semiconductors in the nano regime. In addition, oxides and heavy metal II-VI 

materials provide avenues to exploring both the UV and IR regions of the electromagnetic 

spectrum.  

Lastly, in only the last 8-10 years, the development of alternative heating processes have 

surfaced including microfluidics and microwave heating to try and enhance the heating 

efficiency of the reactions. One of the best methods for heating materials is using microwave 

chemistry. The use of microwaves to generate and accelerate chemical reactions was initially 

developed for aqueous based organic synthesis back in the early 1980s.29 Since that time, 

microwaves have been used as alternative instruments to provide fast efficient heating due to its 

selectivity polar molecules. In general, microwave heating systems have been used exclusively to 
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heat solvents with strong dipole in order to reach reaction temperature faster; however, only 

recently has the selectivity of microwave heating been fully utilized to target specific precursor 

materials where the reaction is designed to take full advantage to the microwave system (Figure 

1.2B).30 The application of microwave (MW) chemistry to problems in nanotechnology allows 

exquisite control over the reaction pathway for nanocrystal (NC) formation and growth through 

the control of the nucleation / precursor activation event. The production of nanomaterials 

involves the decomposition of molecular precursors followed by nucleation and growth of 

nanocrystals.  

1.3 Nucleation theory 
Nanocrystal growth is in essence the fundamental process of crystallization. In 

crystallization, two critical steps must occur: nucleation and growth. The nucleation event can 

best be thought of as a phase transition from a unimolecular reaction to a surface mediated 

reaction following formation of a nucleus of a critical size, which is the thermodynamically 

stable state for transition. In the multi-molecular reaction using a crystallization process, the best 

way to describe the nucleation event is using the solubility products (Ksp) showing the 

crystallization from aggregated particles in solution due to a supersaturation of the precursor and 

solubility in a given solvent. The solubility product helps to explain how the equilibrium 

between precursor and crystallite particle is heavily dependent on many factors including the 

precursor reactivity, concentration, solubility, and temperature of the reaction mixture. These 

factors regulate the nucleation event by controlling the progress of the reaction, which in essence 

controls the kinetics of the reaction. The reaction can be selectively limited or accelerated using 

the reactivity or concentration of the precursor solution allowing for a single homogenous 

nucleation event to occur controlling the dispersity of the crystalline materials formed, as well as 

the concentration of the nucleated product.  

Classically, nucleation theory has been considered as a phase transition, which can be 

explored in both the homogenous and heterogeneous regimes. In terms of phase transitions, the 

problem has been theorized using the formation of the water droplets from a supersaturated air 

with the formation of a mathematical number of bubbles corresponding to the number of critical 

embryo bubbles needed to form a droplet of radius r* (Figure 1.3A)  for a given supersaturation 

value. As shown in Figure 1.3A, critical crystalline size 
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Figure 1.3A. Number of Aggregate Particles vs. Rate of Growth 
 
Shows the change in the number of molecules that aggregate at a specific supersaturation 
and the rate of molecule aggregation as at different supersaturations. (Image obtained from 
Ref. 30) 
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Figure 1.3B.4Cluster Size vs. Energy of Formation 
 
The energy diagram for the growth of a molecule with respect to its surface and core energy 
terms as well as the total energy required for formation as a function of size. 
(Image obtained from Ref. 30) 
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(number of molecules) for nuclei formation varies inversely with the supersaturation of the 

solution while the rate of growth increase exponentially with supersaturation. A supersaturated 

reaction mixture either spontaneously or through temperature modulation initiates nucleation of 

colloidal materials in the form of precipitation. This precipitation produces a selective amount of 

amorphous aggregated colloids in the solution. These particulates began to crystallize and form 

small microcrystalline aggregates that are more thermodynamically stable in solution than their 

amorphous counterparts. The formation of crystalline materials only occurs after aggregation of 

the product to achieve a certain critical crystalline sized particle allowing the mixture to proceed 

forward spontaneously to the other side of the equilibrium. The Gibbs free energy change for the 

reaction is thus described by: 

   ∆ 4 4/3 ∆   (4) 

where the γ is the surface free energy term which destabilizes the crystal toward solvation and 

the ∆Fv is described as the difference in the free energies between the solvated and crystalline 

forms of the material contributing to the reaction coordinate in proportion to the crystal’s volume 

driving the reaction toward crystallization. The energy of formation becomes favorable only after 

the critical crystalline size is achieved.31 (Figure 1.3B) This information is very useful in 

assisting the scientist to understand how nanoparticles form in solution as well as what is 

required not only in terms of energy but also the concentration of precursor monomer to induce 

crystallization.  

     Through continued core crystalline formation in these microcrystalline materials, the 

formation of coarse crystals finally occurs producing the most stable products.  The 

crystallization process is most adequately annotated via Ostwald ripening. This process has been 

illustrated best by the LaMer plot shown in Figure 1.4A monitoring the progression from a 

supersaturated solution leading to subsequent nucleation and growth of crystallite particles.32 

During the growth process Ostwald ripening takes place and is the major factor that contributes 

to the growth of crystallite materials under diffusion controlled conditions. The nucleation event 

results in the formation of amorphous microcrystalline materials with a slight distribution in size 

even in the best homogenous nucleation event. Dissolution of the smaller particles produces 

fresh precursor to allow growth of the larger particles. (Figure 1.4B)  This occurs because of the 

higher surface energy of the smaller materials. The rate of growth will be dictated by the 

passivants in solution which can reduce the surface energy and thus dissolution and growth 
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Figure 1.4A.5LaMer Diagram.  
 
The LaMer plot showing nucleation and growth on crystals as a function of precursor 
concentration. This plot illustrates the Ostwald ripening process as crystals grow to larger 
sizes.  
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Figure 1.4B.6Growth Rate and Free Energy vs. Size  
 
A plot showing the change in free energy of a crystal as a function of growth relative to 
critical crystal size while the bottom plot shows how the growth rate changes. 
(Images obtained from Ref. 32) 
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rates.33  

Other factors used to regulate growth and control the nucleation event include the 

precursor monomer concentrations and reactivity, the solubility of the monomer in the given 

solvent, the temperature of the reaction, and the metal-ligand interactions stemming from the 

passivants in the reactions mixture. In addition, one of the best methods to control the formation 

of crystalline precipitates is to utilize the Ksp for crystal formation based on the concentration and 

reactivity of the each monomer in the reaction mixture.  

1.4 Microwave Chemistry 
The crystallization processes can be controlled by selectively triggering nucleation of a 

core by programmed precursor decomposition, which is achievable in a MW reactor. Control 

over the atom addition is achieved by concentration effects and more importantly the 

thermodynamics of the precursors, which in this case are the reactivity and mobility of the cation 

and anion reagents. Coupled to the control of nucleation and growth is a requirement of high 

temperature growth conditions to ensure control over glide plane defects and ion vacancies 

common to solid state materials.  

In the MW, the ability to selectively energize a species in the presence of lower dipole 

moment reaction components allows one to systematically trigger the nucleation / growth step of 

a single precursor component in the reaction resulting in controlled nucleation, rapid depletion of 

the absorbing precursor, and growth following energizing the MW reactor. Nucleation is then 

controlled by the MW cross section of the precursor and not the temperature of reaction, while 

the dispersity of the material is controlled by the MW power and temperature due to the selective 

microwave effect and not the rate of injection.   

Microwave chemistry is a vastly expanding field in the area of organic and 

organometallic synthesis of materials including polymers, semiconductor nanomaterials, and 

catalytic materials. The microwave offers the ability to specifically heat certain materials over 

others through a mechanism known as the “specific microwave effect” due to the selectivity of 

heating in the reaction mixture. Microwave heating possesses several characteristics that are 

different from conventional convective heating. First, the microwave regime has very long 

wavelengths ranging from 1mm (300GHz) to 1m (300MHz) including penetration radiation, 

controllable electric field distributions, rapid heating, selective heating of materials through 
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differential absorption of polarizable materials, and self-limiting reactions due to the ability to 

remove the heat source by a simple switch.34  

The polarizability change as a function of changing particle size is shown to effect the 

particle growth especially in the microwave. According to Rosenthal, the polarization term is one 

of the two components comprising the potential energy part of the Hamiltonian in the case of an 

electron-hole pair created by an exciton of a semiconductor. This term is represented by: 

       , ∑∞   (2) 

where 

       (3) 

 and  

/  

where e represents the elementary charge and Se  and Sh represent the positions of the electron 

and the positive hole inside the sphere.(Brus,1984) The polarization (dielectric solvation) energy 

is controlled by 1/R which also contributes to the increase in the energy of the internal exciton. 

This term is especially important for microwave chemistry due to its incredible impact in the 

heating and therefore growth of the nanoparticles.  

In the MW, the ability to selectively energize a species in the presence of a smaller 

transition dipole reaction component allows one to systematically trigger the nucleation / growth 

step of a single precursor component in the reaction resulting in controlled nanocrystal 

nucleation, rapid depletion of the absorbing precursor, and growth following energizing the MW 

reactor. Nucleation is then controlled by the MW cross section of the precursor and not the 

temperature of reaction, while the dispersity of the material is controlled by the MW power and 

temperature due to the selective microwave effect and not the rate of injection.  

  MW reactions have several unique advantages over convective heating, 1) selective 

activation of the target precursor to initiate nucleation and subsequent growth, 2) reproducibility 

from batch to batch, 3) the convenience of a non-injection reaction, and 4) a stopped flow near-

continuous synthesis protocol. The demonstration of the selective triggering of material 

nucleation and growth for cadmium and zinc chalcogenides by choosing a molecular 

chalcogenide that is MW absorptive has validated the “specific microwave effect” for 
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Figure 1.5.7Stop-Flow Microwave Reaction 
  
Shows the Discover microwave system by CEM with the Voyager Stop-Flow attachment. 
Freshly synthesized CdSe nanoparticles are being actively pumped out of the microwave 
chamber at 70°C and are illuminated by a UV hand lamp to show their luminescent 
properties.  
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nanocrystal preparation.35  

1.4.1 Theory 
  In the field of microwave (MW) chemistry, much effort has focused on the tailoring of 

the reactants dipole and volume to produce a desired product via the specific microwave 

effect.36,37,38 The largest dipole moment will selectively absorb MW energy in the presence of 

poorly absorbing reaction components and solvents. The absorption of MW energy selectively 

by a reactant provides the energy to overcome potential activation barriers associated with the 

transition state or reactive intermediates. While the specific microwave effect is prolific in the 

literature,39,40,41 proving the effect is very challenging.  In order to take advantage of the specific 

microwave effect for nanocrystal synthesis, particularly for high throughput synthesis (Figure 

1.5), a single reactive precursor must be a strong microwave absorber, while the solvent, other 

precursors and the growing material must be non-absorptive.    

For a solution containing reactants in a solvent system, microwave heating can occur through 

three different processes depending on the relative microwave absorption of the solute and 

solvent molecules (Figure 1.6). The differential absorption of the two components can lead to 

differential heating which can affect mechanistically the outcome of the process.   

  In the microwave region, changes in the permittivity occur through polarizations induced 

in the material by the oscillating electric field of the radiation. The net polarization of a material 

can be broken down into several constituent polarization processes which are shown in equation 

5.  

 

αt = αelectrionic + αatomic + αdipolar    (5) 

 

 shows the net polarization where the αelectrionic, the electronic polarization, arises from the 

realignment of the electrons in a nucleus molecule; αatomic, the atomic polarization, results from 

the relative displacement of nuclei due to unbalance distribution of charge; and αdipolar, the 

dipolar polarization, results from the reorientation of the permanent dipole by the electric field. 

The oscillating field produced in the microwave region triggers a certain response time that are 

allocated to the frequency of the radiation. The time scales for the electronic and atomic 

polarization are much faster than the microwave frequency used and therefore have no 

contribution to the observed dielectric effect. However, the time scales for the dipolar 
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Figure 1.6.8Thermal Scan of Microwave Reaction 

 A thermal scan of how the reaction is heated in the microwave reactor (left) and by 
conventional round bottom heating.  (Image taken from Ref. 35) 
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Figure 1.7.9Dielectric Spectrum with Different Frequencies 

Dielectric spectrum indicating the molecular and atomic processes that occurs in different 
frequency regions.  (Image taken from Ref. 33) 
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polarization are very comparable to the microwave frequencies and contribute the majority of the 

observed dielectric effect.42  

The dipolar polarization is due to the alignment of a static dipole with the oscillating 

field. The ability to polarize a dipole depends on the dipole moment of a material as well as the 

frequency of the applied electromagnetic field. At very low frequencies, the polarization of the 

static dipole keeps in constant alignment with the microwave producing some heat but not very 

efficient heating. In addition, at very high microwave frequencies, the electric field rotates so fast 

that the dipole reorientation does not have an opportunity to re-align before the field is back in 

alignment with the molecules dipole. In this case, there is very little to no heat observed since 

there is no rotation to create any interactions in the solution. In certain microwave frequencies, 

the dipolar molecule experience intense torque in their rotation caused by the slight lag in 

polarization with the microwave field. The optimization of this torques produces the maximum 

amount of interactions between molecules, which through friction produce intense local heating 

around the rotating molecules. The conversion of absorbed microwaves into heat in a dielectric 

(i.e. nonconductive) material is described macroscopically through the dielectric continuum 

model in equation 6.  In the dielectric continuum model, the bulk permittivity of a material is 

expressed in its complex form: 

     ε=ε' −iε"
              (6) 

where ε' is the dielectric constant and the complex component, ε”, is the dielectric loss.  Both the 

real and imaginary components of the permittivity are frequency dependent with the dielectric 

constant representing the transmission of the radiation through the material and the complex 

component representing its absorption.  This component can be seen in the schematic dielectric 

spectrum for an insulator material shown in Figure 1.7. In the visible, UV and infrared regions of 

the spectrum, the peaks in the complex component represent the absorption of radiation to excite 

electronic and vibrational states of a molecule respectively.  As such, the imaginary part of the 

dielectric constant is related to the extinction coefficient of the optical transitions.  

1.5 Conclusion 
The thesis outlines our investigation of using microwave selective absorption to control 

QD growth processes. We have shown the ability to selectively trigger nucleation events 
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(Chapter 2 and 3), controllably form multiple QD sizes (Chapter 4) and using Ksp generate 

specific crystal motifs. (Chapter 5) 
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CHAPTER 2 MICROWAVE SYNTHESIS OF CDSE AND CDTE 
NANOCRYSTALS IN NON-ABSORBING ALKANES 

 

 

Controlling nanomaterial growth via the “specific microwave effect” can be achieved by 

selective heating of the chalcogenide precursor.  The high polarizability of the precursor allows 

instantaneous activation and subsequent nucleation leading to the synthesis of CdSe and CdTe in 

non-microwave absorbing alkane solvents.  Regardless of the desired size, narrow dispersity 

nanocrystals can be isolated in less than 3 min with high quantum efficiencies and elliptical 

morphologies.  The reaction does not require a high temperature injection step and the alkane 

solvent can be easily removed. In addition, batch to batch variance in size is 4.2 + 0.14 nm for 

ten repeat experimental runs. The use of a stopped-flow reactor allows near continuous 

automation of the process leading to potential industrial benefits. 

2.1 Introduction 
Over the past decade, there has been a vast amount of work to optimize the synthetic 

methodology for the II-VI (CdS43, CdSe44, CdTe45) nanocrystalline semiconductors, leading to 

commercially available materials and applications for a wide range of technologies.46,47,48 The 

synthetic methods for preparation of nanocrystals have improved by optimizing the reagents, 

ligands, solvents, and the general approach.49,50,51 The initial synthetic breakthrough in the 

control of size dispersity by Murray52 led to the recent results demonstrating the use of non-

organometallic precursors for preparation of CdSe based on CdO or Cd stearate by the research 

group of Peng.53 Breakthroughs by Alivisatos54, Hyeon55, El-Sayed56, and Peng57 have shown 

remarkable control over shape and morphology of the nanocrystals.  Cao et al.58 and Hyeon55 

have demonstrated the ability to produce nanomaterials without the hot injection step allowing 

the nanocrystals to be efficiently prepared.  These routes all have demonstrated the ability to 

produce nanocrystals of high quality as measured by emissive quantum efficiency and size 

dispersity with reactions that can be reproduced universally at a macroscopic level for a given 

material (narrow size dispersity with defined crystallinity); however, at the microscopic level the 

materials are not identical batch-to-batch (identical size, identical shape) and may vary as a 

function of heating rate, mixing rate and concentrations. In other words, the size and aspect ratio 
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(shape) vary with each reaction reminiscent of a polymer chemistry problem; however, one can 

isolate nearly the same size if the absorption is actively monitored.59 

The reaction mechanism for nanocrystal growth implies that the growth behavior should 

be microscopically controllable if the reaction mechanism including contributions from precursor 

activation, nucleation, and growth are controlled.60 However, variance in heating rate, cooling 

rate, thermal gradients in the reaction, and differences in injection rate lead to size and shape 

variation from batch-to-batch.  We have demonstrated that the use of dielectric (microwave) 

versus convective heating is advantageous to controlling many of the above heating variances 

that impact material dispersity.61,62 In our earlier study, we developed microwave chemistry for 

nanocrystals showing rate acceleration for InP, InGaP, and CdSe by addition of ionic liquids or 

use of ionic precursors. However, organic chemists have shown not only rate improvements, but 

more importantly an exquisite synthetic control over the product formation can be achieved by 

selectively heating a polar transition state or precursor in the microwave (MW) to allow a 

selected product to be isolated. The selectivity offered by MW heating demonstrates the “specific 

microwave effect.”63 This is defined as the ability to selectively heat molecular precursors that 

are highly polarizable in the presence of molecules that are less polarizable.60a The specific 

microwave effect is advantageous in controlling the batch-to batch variation in nanocrystal 

production, particularly if selective heating allows the nucleation event to be specifically 

triggered by the MW and there after allowing growth to proceed.   

The use of MW irradiation has several unique advantages over convective heating: 1) 

selective activation of the target precursor to initiate nucleation and subsequent growth, 2) 

reproducibility from batch to batch, 3) the convenience of a non-injection reaction, and 4) a 

stopped-flow near-continuous nanocrystal synthesis.  The demonstration of the selective 

triggering of nanocrystal nucleation and growth by choosing a molecular chalcogenide source to 

be the only reactant with significant MW absorption, allows the manifestation of the “specific 

microwave effect” for nanocrystal preparation. The chalcogenide precursor selectively absorbs 

the microwave energy, which appears to result in the instantaneous nucleation and growth upon 

microwave irradiation. The nanocrystals can be grown rapidly and controlled by a combination 

of reactant concentration and power, while size is dictated by the reaction temperature. Selective 

absorption by the chalcogenide results in the isolation of elliptical (aspect ratio 1.2) CdSe and 

elliptical (aspect ratio 1.7) CdTe in the size range 2.5 - 8 nm. The materials are prepared in less 
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than 3 min with a typical out of reactor dispersity of 6% for CdSe (12% for CdTe), but more 

importantly a standard deviation in size for the CdSe (CdTe) reaction of 4.2 + 0.14  nm (4.25 ± 

0.3 nm) from batch-to-batch (averaged over ten individual runs).  It is important to note that the 

size dispersity reflects the batch composition without attempting to size select the materials via 

selective precipitation.  Although Cao58 has demonstrated non-injection routes for convectively 

grown CdSe and CdTe nanocrystals, the MW reaction can utilize a similar approach, but via the 

use of a pump, the reactants can be continuously delivered. This allows application of the MW to 

a stopped-flow synthetic technique allowing continuous preparation of the material at a rate of 

650 mg/h. The reproducibility from batch to batch of the method and the ability to continuously 

synthesize nanocrystals is fascinating, particularly for the potential automation of synthesis of 

these materials. 

2.2 Experimental 

2.2.1 Static reactions. 
Synthesis of CdSe.  Nanocrystalline CdSe was prepared by adaptation of the reported method of 

Peng et al., with the substitution of alkane solvents (pentane, heptane, octane, decane), cadmium 

stearate (CdSA), and microwave based dielectric heating.44a Briefly, stock solutions of CdSA and 

TOPSe were prepared by dispersing CdSA (1.0 mmol, 679.36 mg) into 20 mL of an alkane of 

choice by sonication, while a 1 molar solution of TOPSe was prepared under argon using Se 

powder (0.01mol) dissolved in 10mL of TOP.54 The reaction mixture was added to a 10 mL 

reaction vessel under ambient conditions consisting of a 1:5 molar ratio of cadmium to selenium 

stock solutions with HDA (hexadecylamine) added in an equimolar ratio to TOP. The reaction 

mixture was heated in the microwave cavity to a temperature of 240°C during a 30s ramp period 

at a power of 300W. The mixture was then allowed to react for 30s at 240°C and immediately 

cooled to room temperature (< 1min) using forced air cooling. Isolation of the nanocrystals was 

carried out by standard re-precipitation methods. Specifically, the materials were re-suspended in 

minimal amounts of toluene follow by the addition of excess amounts of methanol producing a 

dual phase system. Afterwards, butanol is added to the solution to precipitate the nanocrystals. 

The reaction yields elliptical (aspect ratio of 1.2) CdSe nanocrystals with 6% size dispersity, 35 

± 5 mg of sample per 4 mL reaction volume.  

Synthesis of CdTe. CdTe is prepared analogously to the reaction above, with the exception that 

a 25 mM CdSA in decane stock solution is prepared.  The Te stock solution (1 molar TOP:Te) is 
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prepared under argon by heating Tellurium powder (0.005mol) in 10mL of TOP at 100°C for 

24h. The stock solutions were mixed in a 1:1 molar ratio with HDA (equimolar to the TOP). This 

reaction mixture is heated in the microwave to 220°C, at 300W, and allowed to react for 5s. The 

reaction was immediately cooled to room temperature.  Isolation of the nanocrystals was carried 

out by standard re-precipitation methods. The CdTe reaction yields 25 ± 5 mg of elliptical 

(aspect ratio of 1.7) nanocrystals with 12 % size dispersity per 4 mL reaction volume. 

2.2.2 Stopped-flow Synthesis 
The static MW synthetic method can be adapted to a stop-flow pump system by 

substitution of octylamine for HDA in the Cadmium stock solution, in order to dissolve the 

CdSA dispersion.  The TOPSe stock and CdSA stock are delivered into the reaction chamber 

form separate sources to fill a 50mL reaction volume, and heated to 190°C at 300W for 40min. 

Longer reaction times are needed due to the pathway of the solvent scattering the microwave 

energy and a thicker reaction vessel.  The reaction mixture is pumped out to a sealed vessel 

under Argon. Collection of the nanocrystals is achieved by precipitation using standard methods.  

Continuous transfer of stock and product can be carried out in the Stopped-Flow allowing 

continuous production of a target nanocrystal. The yield of nanocrystals is ~ 650 mg per hour.  

2.3 Results and Discussion 

2.3.1 Nucleation and Growth in the Microwave 
In the field of microwave (MW) chemistry, much effort has focused on the tailoring of 

the reactants’ polarizability differences to produce a desired product via the specific microwave 

effect.  The highest polarizable material will selectively absorb MW energy in the presence of 

poorly absorbing materials and solvents. The absorption of MW energy by a polarizable reactant 

provides the requisite energy to overcome potential activation barriers associated with the 

transition state or reactive intermediates. While the specific microwave effect is prolific in the 

literature,60,64 proving the effect is very challenging. In order to take advantage of the specific 

microwave effect for nanocrystal synthesis, particularly for high throughput synthesis, the 

reactive precursors must be strong microwave absorbers, while the solvent must be non-

absorptive. (Figure 2.1) The excess energy controlled by the solvent allows for continuous 
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Figure 2.1.10Reaction Coordinate of Nanocrystal Formation 
 
Schematic diagram illustrating the reaction pathway for nanocrystal formation from a 
precursor.   
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growth resulting in a reverse thermal gradient and eliminates multiple nucleation events that can 

lead to loss of material dispersity.   

The advantage of the “specific microwave effect” for nanocrystals can be understood by 

considering the mechanism for the formation of the nanocrystal.60,65b In the simplest projection 

of a rather complex reaction mechanism, the primary steps in a nanocrystal reaction are 

precursor activation, nanocrystal nucleation, and passivant controlled atom addition onto the 

growing nanocrystal facets (Figure 2.1). In the case of nanocrystal growth, the selective heating 

translates into a controlled nucleation event, thus eliminating the need for a high temperature 

injection step. Typically the limiting step for a nanocrystal growth is the first two events 

(activation and nucleation),60,62 depending on which step requires more energy. A critical 

reaction size must be reached to overcome the transition state barrier for activation and/or 

nucleation to occur before proceeding to product. While the rate of addition of the atoms to the 

surface is dependent on diffusion and thermodynamics, the rate of nanocrystal growth is 

controlled by reaction temperature and concentration, as well as the solubility product of the 

reactants and the surface energy of the binary semiconductor. Pressure can also play a role by 

enhancing products by (small ∆V‡) or inhibiting (larger ∆V‡) reaction rates depending on the 

volume at the transition state, ∆V‡. Nucleation theory predicts that a critical crystallite size must 

be achieved prior to sustained nanocrystal growth. Gamelin, et al. has demonstrated the 

applicability of nucleation theory to describing nanocrystal growth.66 The nucleation event is a 

kinetic problem, where the rate of growth must exceed the rate of dissolution for nanocrystal 

nucleation to occur.63 The nucleation transition state is influenced by the chemical activity of the 

precursor, as shown by Peng63,67  and Cao58 and can therefore be used to control the nucleation 

event by introducing a barrier to nucleation. For a lyothermal reaction, the energy required for 

nucleation is provided indirectly through convective heating of the precursors via solvent 

heating.  To achieve controlled growth after nucleation, lyothermal methods rely on induced 

cooling upon injection of the precursors.  For a convective reaction, the subsequent steps are 

dictated by precursor activity.  

      A higher level control can be achieved in a microwave reaction if the energy barrier is 

larger for the precursor activation than the nucleation event.  In this regime, the specific 

microwave effect can be utilized to drive a reaction by selectively activating a desired precursor 

to initiate nucleation.  Since the precursor is only activated under microwave irradiation (the 
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Figure 2.2A.11Abs/EM CdSe in Different Solvents 
 
Optical absorption and photoluminescence of A) CdSe using solvents of different alkyl 
chain lengths. CdSe was grown at 240°C for 30s with the power set to 300W. 
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Figure 2.2B.12Abs/EM CdTe in Different Solvents 
  
Optical absorption and photoluminescence of B) CdTe using solvents of different alkyl 
chain lengths. CdTe was grown at 220°C for 5s with the power set to 300W. 
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Figure 2.3.13Abs/Em CdSe in Different Solvents at 180° C 
 
Microwave synthesis of CdSe grown at 180°C in various alkane solvents. This figure shows 
the ability to use higher volatility solvent such as pentane in lower temperature reactions. 
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Figure 2.4.14 Abs/Em Low Temperature Synthesis of CdSe 
 
CdSe synthesized at low temperature using 50mM Cd stearate and TOPSe precursor 
solutions with the time set at 30s.  
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Figure 2.5A.15CdSe Temperature Dependent Growth  
 
Optical data for temperature (°C) dependent growth of CdSe. The reaction conditions 
fixed power at 300W and time at 30s.  
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Figure 2.5B.16CdTe Temperature Dependent Growth 
 
Optical data for temperature (°C) dependent growth of CdTe. The reaction conditions fixed 
power at 300W and time at 5s.  
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Figure 2.6A.17TEM CdSe 5.8 nm 
 
 TEM image of 5.8 nm CdSe nanocrystals.  The image is taken at high magnification on a 
high resolution (Tietz Tem-Cam F415 slow scan CCD). The TEM image was collected on 
400 mesh holey-carbon on copper with formvar removed using a 300 KeV field emission 
gun. The microwave power was set to 300W and allowed to fluctuate in order to optimize 
the temperature. 
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Figure 2.6B.18TEM CdTe 4.3 nm 
 
TEM image of 4.3 nm CdTe nanocrystals.  The image is taken at high magnification on a 
high resolution (Tietz Tem-Cam F415 slow scan CCD). The TEM image was collected on 
400 mesh holey-carbon on copper with formvar removed using a 300 KeV field emission 
gun. The microwave power was set to 300W and allowed to fluctuate in order to optimize 
the temperature. 
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Figure 2.7.19pXRD CdSe/CdTe 
 
Powder X-ray diffraction pattern of CdSe and CdTe nanocrystals measured using Cu Kα. 
CdSe has hexagonal (Wurtzite) structure while CdTe displays the cubic (Zinc Blende) 
structure.  
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cleavage of the TOP-Se or TOP-Te bound),68 the accessibility of the chalcogenide  monomer to 

the growing nanocrystal is controlled by the MW cross-section. The MW absorption of the 

chalcogenide monomer results in a remarkable degree of control over the reaction path. This 

requires that the precursor is the dominant absorber in the reaction and the solvent acts merely as 

a reaction moderator to control the explosive growth.  It is also important in controlling growth 

that the evolving nanocrystal is also a moderate MW absorber, to ensure the reaction is under 

thermodynamic control. In effect, the absorption of the MW energy is the on-off switch for the 

reaction.  

2.3.2 Preparation of CdX (X = Se, Te) Nanocrystals. 
  In Figure 2.2, we demonstrate the ability to synthesize CdSe, and CdTe nanocrystals in 

non-polar, low boiling alkane solvents (decane, octane, heptane) in the microwave. CdSe and 

CdTe nanocrystals may also be prepared in pentane, (Figure 2.3) but lower reaction temperatures 

are required due to reactor pressurization limits, thus generating a smaller range of achievable 

nanocrystal sizes under the current microwave design (Figure 2.4). In addition, using this 

microwave technique, CdSe nanocrystals have been grown at temperatures as low as 120°C. 

(Figure 2.5) There is no observed dependence on the optical properties or growth behavior as a 

function of the alkane solvent (with the exception of pentane), although pressurization of the 

reaction in the microwave occurs when the boiling point of the solvent is exceeded.   

The isolated nanocrystals are mostly elliptical (aspect ratio 1.2) and exhibit narrow size 

dispersities (6 % RMS in CdSe, and 12% RMS in CdTe) based on TEM analysis (Figure 2.6). 

The CdSe crystal motif is wurtzite, while the CdTe is zinc blende (Figure 2.7). Nanocrystal size 

and structure are verified by powder X-ray diffraction using the Scherer expression and verified 

through TEM. The materials exhibit well defined optical properties (linewidth, quantum yield) 

comparable to lyothermally grown materials and exhibit identical quantum efficiencies to 

materials grown by the traditional CdO lyothermal methods developed by Peng.54 The absorption 

data in Figure 2.2 and 2.4 are for the isolated batch rather than a size-selectively precipitated 

reaction and the loss of the 1s-1p transition in comparison to the CdO grown materials we 

believe reflects a combination of the slightly larger polydispersity of the material, as well as the 

elliptical shape of the materials. The 1s-1p transition intensity, while a marker for 

monodispersity, is highly variable in the literature and as shown by Alivisatos63b, Cao58, and 

Ferreria69 can be impacted by shape. A better measure of near monodispersity is the absorption 
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linewidth for the 1s-1s exciton. For the MW grown CdSe the linewidth is 27-28 nm for the batch, 

which compares well with the absorption FWHM for Pengs CdO grown with an absorption line 

width of 26-28 nm (Figure 2.8). For CdTe the absorption linewidth is broader (40 nm) consistent 

with the larger polydispersity of the sample.   

In the microwave, the nanocrystal size is potentially influenced by reaction time, 

temperature and applied power. The reaction temperature is the most critical of these parameters 

as shown in Figure 2.3, where the PL profile is broadened at low T. The MW power (200 - 300 

W, Figure 2.9) and reaction time (CdSe:  5s - 10m, CdTe 5s – 1m, Figure 2.10) do not influence 

material size, shape or quality. The quality of the materials is impacted if the ramp rate is altered; 

due to the fact nanocrystal growth occurs instantaneously in the reaction due to precursor 

activation and subsequent nucleation, while reaction temperature requires convective losses from 

the molecules to the solvent via thermal conduction and exhibits a lag in response.  

Other factors that influence the final material include the rate of cooling, the absence of 

microwave power, and the presence of non-absorptive precursors.60,70,71 Slow cooling from the 

reaction temperature to ambient conditions result in larger size dispersities. Such behavior is 

consistent with the domination of Ostwald ripening rather than MW precursor activation in the 

reaction once the MW power is removed. In the microwave, the presence of non-absorptive 

precursors or low microwave power also leads to large poly-dispersities and poor optical 

performance, presumably due to the slow heating and multiple nucleation events in the reaction. 

2.3.3 Implication for Mechanism. 
The enhanced reaction rates under MW irradiation may reflect either the control of the 

activation/nucleation step via selective heating with the excess energy leading to solvent heating 

or can effectively be a rapid solvent heating process leading to nucleation followed by an 

Ostwald ripening process. In Figure 2.11, a plot of the dependence on nanocrystal size is shown 

for two fixed points in the reaction parameter space, namely P = 300W, reaction time = 30s 

(blue) and P = 300W, T = 240°C (red).   

Inspection of Figure 2.11 indicates that following nucleation the growth rate is linear with 

temperature, which is expected for a reaction under thermodynamic control where nanocrystal 

growth is determined by the diffusion of ions to the reactive nanocrystal surface. In the growth 

rate versus time plot a non-linear, exponential dependence is observed implying the reaction is 

first order. While this is unexpected for a convective reaction, where both cadmium and selenium 
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Figure 2.8 .20Abs/Em Single Batch MW vs. CdO Grown Thermally 
 
Comparison of (A) microwave grown HDA / TOP passivated CdSe from Cadmium stearate 
and (B) thermally grown HDA / TOP-passivated CdSe following the procedures for CdO 
(Peng2a).  The comparison of the absorption spectra for identical CdSe sizes shows nearly 
identical FWHM for the first exciton (1s  1s), but differences in the intensity of the 2nd 
exciton (1s 1p).  The intensity difference may be due to dispersity or more likely the aspect 
ratio differences between the isolated materials. 
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 Figure 2.9A. 21CdSe Power Dependence 
 
Absorption and PL spectra for CdSe carried out at different MW powers (200W, 250W, 
300W) using decane as the solvent. The ramp rate was allowed to fluctuate as needed 
leading to larger size in the lower power reactions. The temperature was maintained at 
220°C through use of active cooling. The reaction was allowed to run for 30s.  
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 Figure 2.9B.22CdTe Power Dependence 
 
Absorption and PL spectra for CdTe carried out at different MW powers (200W, 250W, 
300W) using decane as the solvent. The ramp rate was allowed to fluctuate as needed 
leading to larger size in the lower power reactions. The temperature was set to 220°C and 
because of the short reaction time and the lower polarizability of the P-Te bond. The power 
was maintained at a high level without active cooling being used.  
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 Figure 2.9C.23CdSe Power Dependence w/ Fixed Heating Times 
 
Absorption and PL spectra for CdSe carried out at different MW powers (200W, 250W, 
300W) using decane as the solvent. The samples had fixed ramp times of 2 minutes and 5 
minutes, respectively.  The temperature was maintained at 220°C through use of active 
cooling. The reaction was allowed to run for 30s.  
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Figure 2.9D.24CdTe Power Dependence w/ Fixed Heating Times 
 
Absorption and PL spectra for CdTe carried out at different MW powers (200W, 250W, 
300W) using decane as the solvent. The reactions had fixed ramp times of 2 minutes and 5 
minutes, respectively. The temperature was set to 220°C and because of the short reaction 
time and the lower polarizability of the P-Te bond. The power was maintained at a high 
level without active cooling being used. 
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Figure 2.10A.25CdSe Time Dependent Growth 
 
 Absorption and PL spectra for the growth of CdSe was carried out in the MW (300W) as a 
function of time. The temperature was held at 240°C for each synthesis. The power was set 
to 300W but was allowed to adjust in order to maintain the set temperature. 
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Figure 2.10B.26CdTe Time Dependent Growth 
 
Absorption and PL spectra for the growth of CdTe  was carried out in the MW (300W) as a 
function of time. The temperature was held at 220°C for each synthesis. The power was set 
to 300W but was allowed to adjust in order to maintain the set temperature. 
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should contribute to the overall order at nucleation (overall rate order =2), it is not surprising for 

a microwave reaction if the rate limiting step is the precursor activation, namely the cleavage of 

the TOP-Se bond. This reduces the rate as the concentration of R3P is reduced, leading to less 

MW energy being absorbed and thus fewer precursors to monomer production. If nucleation is 

dictated by the concentration and the selective absorption cross-section for the precursor, then 

the microwave irradiation is enhancing the initial two steps.   

Distinguishing between these two possibilities (activation versus nucleation) can be 

accomplished by analyzing the pressure dependent growth behavior in these reactions.  Using the 

alkane as a pressure generator, due to boiling points, we observe that at high pressures the rate of 

reaction is slowed implying that one of the transition states has a large ∆V‡.72 The slowed 

reaction rate is logical for the nucleation step rather than the activation step, since a larger 

number of atoms must assemble for nanocrystal growth to begin. The pressure may be used to 

manipulate the nucleation event. The result supports the assumption that nucleation is the critical 

reaction step for nanocrystal formation.73  

2.3.4 Specific Microwave Effect 

The absorbed microwave power (J/s) by a reagent can be related to the produced heat in time 

(Q)dt = (mC∆T) dt, where C is the specific heat, m is the mass and T is temperature.   The rate of 

heating ((Q) dt) is proportional to the MW absorption cross section using a simple Beer-Lambert 

law analogy, where A = εbc. The MW cross section in this equation is ε and bc represent the 

precursor cross section or concentration per unit volume. The ramp rate to temperature depends 

on the absorptive cross section of the molecules in solution and the convective losses from the 

molecules to the solvent via thermal conduction. Thermal transfer depends on the thermal 

conductivity of the precursors. 

The selectivity of microwave absorption by molecules in the reaction mixture can be 

observed in Figure 2.12 (Table 2.1). The rates of heating for TOP-Se and TOP-Te in decane are 

an order magnitude larger than observed for just decane, HDA in decane, CdSA in decane, or the 

nanocrystals in decane indicative of selective microwave absorption for the most polarizable 

precursor. No experimental difference is observed for various nanocrystal sizes, or concentration 

suggesting the microwave cross section for the nanocrystal is small. The low heating rate for 

decane, CdSA, and the alkyl amines is logical due to the low-polarizability of these molecules 

leading to minute microwave absorption as evidenced in Figure 2.12 (Table 2.1). CdSA shows 
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Figure 2.11.27Size vs. Temperature/Time 
 
The size of CdSe is plotted against two parameters that are controlled during the microwave 
reaction: time (red) at a fixed temperature of 240°C and temperature (blue) at a fixed time of 
30s. 
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little influence on heating rate over the alkane solvent and likewise has little impact on reaction 

temperature or precursor activation. The concentration dependence of CdSA shows a doubling of 

heating rate for a five-fold increase in concentration, suggesting CdSA does absorb the MW 

energy, but is not a significant absorber in comparison to the phosphine chalcogenide. The rapid 

rate of heating for the tri-n-alkyl phosphine chalcogenide is predictable since it repents the most 

polarizable molecule in the reaction mixture due to the large electronegativity differences 

between P and the chalcogenide. In fact, based on electronegativity arguments, one can predict 

that the R3P-Te is slower to heat then R3P-Se, where the difference in rate is observed between 

TOP-Se and TOP-Te.  This suggests that the heating of the reaction occurs only by thermal 

convection from the phosphine chalcogenide to the solvent.  

Inspection of the cadmium source,74 while a minor contributor to the MW absorption also shows 

the expected trend, where a more covalent source produces better nanocrystals (Figure 2.13). 

Reactants that are ionic are expected to show no reaction, while highly polarizable reactants will 

react rapidly.  Analysis of a series of cadmium sources (CdSA, CdO, CdNO3, CdCl2) reveal the 

predicted trend. Only the polarizable starting precursors, CdSA, CdO, and CdNO3 produce 

nanocrystals. The CdO is a poorer precursor we believe due to the high energy precursor 

activation step associated with CdO decomposition prior to nucleation of the II-VI materials. No 

reaction is observed for the ionic CdCl2 under identical reaction conditions. 

 Alternate selenium precursors as also explored to accurately determine the importance of 

the phosphine chalcogenides precursor to this high quality synthesis. Selenourea was used as an 

attempt to synthesize CdSe nanocrystals in an identical methodology to the method presented in 

this work. Although there is evidence of growth of nanocrystals, the quality of the materials 

pales in comparison our work.  

The impact of the selective microwave effect is observable in the reaction rates for 

formation of CdSe vs. CdTe nanocrystals.  For the chalcogenides, the trend of reaction rate is the 

Te reacts fastest, followed by the Selenium.  If one considers the reactivity and bond strengths of 

P-Se vs P-Te, the observation is consistent with Te having a weaker covalent bond due to the 

increased electron density around the atom leading to a larger size. As a result, the more reactive 

P-Te contributes more energy into nucleating nanocrystals rather than heating the solution. This 
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Figure 2.12.28Micraowave Heating Rates Time vs. Temperature 
 
The microwave heating rates for different precursors, solvents, ligands, and nanocrystals in 
decane heated at 300W. 
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Table 2.1. Microwave Heating Rates 
 
 Heating rates of precursors, existing quantum dots, and solvents. Rate determined based of 
double exponential fit. Heating Rate k2 shows the fast component. Heating Rate k4 shows 
the slow component.  
 

Compound Heating 
Rate k2 

Heating 
Rate k4 

TOPS 1.44E-03 2.24E-02 

TOPSe 9.86E-04 2.36E-02 

TOPTe 8.30E-04 2.33E-02 

TBPSe 9.12E-04 2.41E-02 

TBPTe 8.80E-04 2.82E-02 

TOP 9.37E-04 1.21E-02 

TBP 8.02E-04 1.22E-02 

Hexadecylamine 3.12E-03 3.11E-03 

CdSe tbpse 5.32E-03 5.24E-03 

CdSe 250c30s 3.37E-03 3.37E-03 

CdSe 220c30s 4.03E-03 4.14E-03 

CdSe 190c30s 3.79E-03 3.65E-03 

Octylamine 5.56E-03 5.45E-03 

CdCl2 6.12E-03 6.08E-03 

50mMCdSA 4.88E-03 4.77E-03 

10mMCdSA 2.74E-03 2.72E-03 

Cd(NO3)2 2.32E-03 3.30E-02 

Decane 3.49E-03 3.49E-03 

Heptane  8.59E-04 6.52E-03 

Pentane 1.01E-03 1.19E-02 
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explanation is consistent with the longer ramp time but much shorter reaction time.  

Surprisingly a difference is observed between TBP and TOP on the surface of the 

nanocrystal.  While on the same order of magnitude, in both cases the reactivity of TBP is 

slightly higher than that of TOP.   The reactivity difference implies a difference in the nature and 

strength of the bonding at both the Se and the nanocrystal surface for these two ligands.75 

Considering a Tolman cone-angle argument for the trialkylphosphines,76 two plausible 

explanations are differences in the polarizability of R3P-X bond due to changes in the orbital 

hybridization in the R3P, or more likely a decrease in packing density due to the steric interaction 

for the longer chained TOP. Since one would predict the cone angle, and thus electronic 

properties, to be essentially the same for the two systems, the steric bulk of the TOP may result 

in the lower rate of heating due to fewer molecular interactions. While potentially within 

experimental error, the reproducibility of the results suggest further investigation is needed to 

evaluate this empirical observation.  

2.3.5 Stopped-Flow Synthesis of II-VI Nanocrystals 
The scalability of a reaction is always complicated by the presence of thermal gradients 

and difficulty in mixing of the reactants in larger volumes.77 This is particularly true for 

nanocrystal growth, where the transition of the synthetic methodology from a small reactor size 

(~ 5mL) to a larger system (50 mL) suffers from thermal gradients in the reaction leading to 

larger poly-dispersities and poorer material performance.  Microwave reactors offer an advantage 

over convective heat sources, due to their ability to heat without thermal gradients since selective 

heating is achieved by the absorption into the chalcogenide precursor triggering the nucleation 

event. This is accomplished in a stop-flow configuration, where the reactants are pumped into the 

MW cavity.  

A comparison of the absorption and photoluminescence spectra for the stopped-flow 

dynamic and normal static reaction is shown in Figure 2.14. The advantage of the stopped-flow 

geometry is that a continuous stream of nanocrystals can therefore be generated from a stock 

precursor solution (>10 mg nanocrystal / min). In addition, the ability to synthesize 

nanomaterials in a variety of solvents using the stopped-flow setup implies explicit control over 

the reaction in either microwave setup. (Figure 2.15) A disadvantage of the stop-flow system is 

the volume of the reactor makes heating of the solvent more difficult. The reactions require 40 

min for CdSe (20 min CdTe) due to the inability of the MW to penetrate the larger volume of 
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Figure 2.13.29Alternate Precursors for Cd and Se 
 
Alternate cadmium and selenium precursor sources are used to synthesize CdSe nanocrystals 
reacted under identical conditions of 240°C and 30s in the microwave reactor. CdCl2 is not 
shown due to lack of nanocrystal growth. For the Cd precursors listed, TOPSe was used as 
the selenium source. For the Se precursors listed, cadmium stearate was used as the Cd 
source. 
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Figure 2.14.30Batch Reaction vs. Stop-Flow 
 
Absorption and photoluminescence spectra for A) stop-flowed 80mL and B) conventional 
10mL reaction vessel. 
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Figure 2.15.31Stop-Flow Reactions w/ Different Solvents 
 
CdSe synthesized using the CEM stop-flow reactor using various solvents to ascertain the 
effect of pressure in this flow system on the growth rate and quality of the materials. The 
different solvent produced various temperatures in the reaction at a variety of times. The 
temperature and time of each reaction is indication in the inset.  
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solvent as well as the thickness of the reactor vessel. The slow ramp rate and lower achievable 

temperatures are evidence of the increased problems in reaching the desired reaction 

temperatures in a short period.  However, the fact that the materials are the same quality supports 

the conclusion that the precursor absorbs the energy and transfers the heat convectively. 

Likewise a similar size regime can be obtained at an apparent lower reaction temperature. These 

observations support MW absorption by the tri-n-alkyl phosphine and convective losses to the 

solvent, particularly in light of the fact that a larger volume reactor by definition has a larger 

thermal sink, thus lowering the overall reaction temperature.  

In addition to conclusions made thus far, several reaction parameters of the synthesis were 

explored in order to determine the optimal method for the highest material quality as well as for 

the applicability in a wide range of technical advances.  

2.4 Conclusion 

While the microwave specific effect has been postulated, the observation of the selective 

nature of dielectric heating for nanocrystal growth is fascinating.  If we assume the phosphine-

chalcogenide is the predominant absorbing species in solution, the excess energy will activate the 

nucleation of cadmium-chalcogenide nanocrystals, while growth is achieved by the reaction 

temperature. The behavior of time, temperature and material quality can be traced to the 

chemical nature of the precursors and suggest in the reaction conditions herein, the nucleation 

step controls the nanocrystal formation. The observation of heating-rate dependencies supports 

the logic of precursor activation via selective heating triggers nucleation. This observation 

represents a rare demonstration of the “specific microwave effect.” From a commercial 

perspective, the development of a stopped-flow synthetic methodology allows the researcher to 

produce high quality materials in a matter of minutes instead of hours, or continuously at a 

specific size and composition.  
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CHAPTER 3 MICROWAVE SYNTHETIC ROUTE FOR HIGHLY 

EMISSIVE TOP/TOP-S PASSIVATED CDS QUANTUM DOTS. 
 
 

Through selective microwave absorption, we demonstrate the ability to activate TOPS as 

a sulfur donor allowing the rapid (18 m) growth of highly emissive (PLQY = 33%), Zn Blende 

CdS quantum dots (QDs) passivated by TOP/TOPS in the 4 - 6 nm size regime (5% size 

dispersity). The CdS QDs exhibit sharp absorption features and bandedge photoluminescence 

even for the largest CdS sample. Addition of hexadecylamine restricts the growth rate by 

limiting the Cd monomer activity and lowers overall PLQY, presumably due to changes in the 

particle facet expression. The use of MW chemistry for QD formation allows highly 

reproducibly synthetic protocols that are fully adaptable to industrial applications. 

3. 1 Introduction 
The development of II-VI semiconductor quantum dots (QDs) has expanded 

exponentially over the last 15 years due largely to advancements in synthetic control of the 

activity of reactive monomers and the QD surface under high temperature reaction 

conditions.78,79,80,81,82,83,84,85,86  It has been demonstrated that the activity of the monomer in 

solution and on the QD surface can be systematically controlled by the addition of additives 

which lead to shape control.87,88,89, 90, 91, 92, 93, 94, 95, 96 Passivants such as alkylamines or 

alkylphosphonic acids can lead to slowed growth rates by lowering monomer activity leading to 

unique crystal phases and morphologies. Recent studies have definitively correlated growth and 

dispersity for the QDs to the reaction operating in the diffusion controlled or reaction controlled 

mechanism.90 Under conditions where slow release of the chalcogenide from the solution phase 

monomer is achieved, the reaction proceeds predominately through a diffusion controlled 

mechanism, and thus the size dispersity is controlled by monomer concentration, the equilibrium 

between monomer bound to the QD surface and free in solution, and at long reaction times the 

participation of Ostwald ripening.97 While these efforts have clearly identified organic additives 

that manipulate the diffusion controlled reaction rates via controlling surface activity, little effort 

has focused on the activation of monomers directly through the use of selective energy 

absorption into the specific monomer.  In a series of studies, we have explored the use of 

selective MW absorption into R3P-X (X =Se, Te) leading to remarkable enhancements of 



57 
 

reaction rates for QD formation.98 The realization that selective absorption can enhance the 

activity of the TOP-Se or TOP-Te monomer in a solvothermal reaction conducted in a MW 

cavity suggests that monomers with low activity might be enhanced by the absorption of MW 

energy.   

While there is a plethora of examples of CdSe and CdTe materials generated from R3P-X, 

it is surprising that there are no reports of growing CdS form R3P-S as a precursor without the 

addition of alkyl phosphonic acids to enhance reaction rates, although TOP-S is a common 

reagent for the shelling step in a core-shell QD.87,89,96,99,100 A more typical sulfur monomer is 

TMS-S due to its greater monomer activity.81 Since nearly all the published II-VI metal 

chalcogenide nanocrystals are readily prepared from tri-n-alkyl phosphine chalcogenide (R3P-X), 

the limited examples of CdS prepared from TOPS is surprising although it can be traced to the 

bond strength of P-S (444 + 8 kJ/mol), P-Se (364 + 10.0 kJ/mol), or P-Te (280 + 10.0 kJ/mol).101  

The strength of the P-S interaction limits the ability for TOP-S to act as a good monomer for 

sulfur addition to the growing QD, thus impacting the ability to form a stable critical nuclei in 

solution.79,82,89 Since the bond strength controls the monomer activity (EP-S
 > EP-Se

 > EP-Te), it 

directly influences the growth rates for the II-VI nanocrystals (dr/dt (CdTe) > dr/dt(CdSe) > 

dr/dt(CdS)). Thus it is not surprising that few examples of formation of CdS from R3P -S exist 

unless an activator is added to enhance the monomer activity of TOPS leading to materials that 

exhibit narrow size dispersity, well-defined excitonic absorption features, and strong bandedge 

photoluminescence at large CdS sizes.102,103 

The low sulfur atom transfer efficiency in R3P-S may be enhanced in this reaction if bond 

cleavage can be activated in this monomer through selectively energizing the monomer. In a 

lyothermal reaction this is impossible to achieve; however, in a microwave (MW) reaction 

selective absorption of MW energy can enhance reaction rates by overcoming kinetic barriers in 

the reaction.104 It has been shown in both organic chemistry and nanomaterial chemistry that 

MW absorption is selective into the free solution monomer with the highest static dipole moment 

if the reactions are carried out in a solution that has a very low MW absorption cross-section.105 

In the QD reactions, whether the rate enhancement arises from local heating in the heterogeneous 

reaction environment or from selective activation of the monomer is still unknown. In this 

manuscript, we report selective absorption of microwave (MW) energy into TOPS leads to 

formation of 4 - 6 nm CdS quantum dots (QD) with narrow size dispersity (5% RMS based on 
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TEM). The CdS QDs reported herein exhibit an aspect ratio of 1.2 with a size dispersity of 5%, 

discrete excitonic features in the absorption spectra, band edge photoluminescence (PL), and the 

highest reported quantum yields (33% PLQY). Defect PL, arising from glide plane defects 

and/or vacancies, constitutes less than 5% of the total observed emission.  

In the MW, the size of the isolated QD is dependent on reaction temperature, while the 

PLQY is influenced by the presence or absence of HDA (hexadecylamine) as a co-passivant to 

control surface energies for the growing QD. The primary function of HDA is to restrict the 

activity of the QD surface, thus limiting growth rates in the MW and allowing isolation of 

smaller QDs. The highest bandedge PLQY (PLQY = 33%) is achieved for the 4.3 nm CdS 

carried out in a 1:1 molar TOP : HDA. The high PLQY is remarkable when compared to earlier 

reports, where the PLQY is typically less than 20%.106,107 Consistent with the bond strength 

argument, the formation of CdS  requires much longer reaction times (18min) than observed 

previously for formation of CdSe (30s) or CdTe (15s) even with MW assisted activation of R3P-

S. 

3.2 Experimental 
Synthesis. All syntheses were performed in a single mode CEM Discover System operating at 

300W, 2.45 GHz.  The reactions were carried out under ambient reaction conditions in 10mL 

reaction vessel (4-5 mL reaction volume).  The solvent temperature is monitored continuously 

via a remote IR sensor.  

For a typical CdS QD reaction, 108 135.2mg (0.2 mmol) of cadmium stearate is dispersed into 4 

mL of decane, and 0.2 mL (0.2 mmol) of a 1M TOPS stock solution was added. For reactions 

carried out in the presence of hexadecylamine (HDA, 0 – 0.4 mmol) is added to the solution 

prior to MW heating. The reaction mixture is heated in the microwave reactor from RT to a 

predetermined reaction temperature at 300W and immediately cooled to RT (~ 1 min). In this 

manuscript, this reaction protocol will be referred to as zero hold time. The CdS QDs are isolated 

from the reaction mixture using standard precipitation methods via suspension in a (1:3) 

toluene/butanol mixture and addition of an excess of methanol to precipitate the entire QD batch.  

3. 3 Results and Discussion 
The formation of CdS QDs is achieved in the MW within 18 min yielding elliptical, zinc 

blende CdS with a 1.2:1 aspect ratio. By comparison, carrying out the identical reaction using 

high temperature injection of the precursors in a lyothermal approach does not yield product on 
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the same timescale (up to 1h).  In Figure 3.1A, the optical spectra for CdS between 4.3 and 5.6 

nm is shown based temperature dependent growth (. The absorption and PL reveal that over the 

entire size range studied in this manuscript, the CdS QDs exhibit discrete excitonic features in 

the absorption spectra and strong band edge PL. Well defined higher lying excitonic features in 

the absorption spectra are clearly observed, which are typically not observed for larger CdS QDs. 

The PL defect intensity accounts for < 5% of the total PL intensity in all cases.  Inspection of the 

TEM image of a 5.3 nm CdS in Figure 3.1B indicates a dispersity of 5.4% (Supporting Figure 

3.2). The CdS samples exhibit clearly resolved <001> lattice fringes (Supporting Figure 3.3). 

The pXRD pattern for the 5.3 nm CdS QD in Figure 3.1C indicates cubic crystal morphology. 

Scherrer broadening analysis of the pXRD confirms the PXRD (5.4 nm) and TEM (5.3 nm) sizes 

are experimentally correlated.   

3.3.1 Growth 

In the MW, the size of the isolated CdS QD is observed to depend on the reaction 

temperature, reaction time, and the presence (1:1 mole ratio HDA to TOPSe) or absence of 

hexadecylamine (HDA). A plot of the QD size versus reaction temperature (at  zero hold time) in 

the presence of HDA (red) and in the absence (black) of HDA is linear but exhibits different 

reaction rates, as evidenced by the slopes of the lines (Figure 3.4A). For the reaction carried out 

with zero hold time, the presence of HDA appears to restrict CdS QD growth at a specific 

reaction temperature limiting the growth rate of the CdS when compared to the reaction carried 

out in the absence of HDA. No difference is observed for the rate to reach the reaction 

temperature in the presence or absence of HDA indicating MW absorption by HDA does not 

contribute to the reaction rate changes.   

The impact on growth rates in the presence of HDA can be traced to restriction of CdS 

growth. Inspecting the growth of CdS as a function of time at the desired reaction temperature 

(240°C) exhibits an exponential growth dependence on CdS for both reaction conditions (Figure 

3.4B). Unlike the temperature plot the fits for time dependent growth have the same 

experimental slope implying the growth rate (dsize/dt) is independent of the presence or absence 

of HDA. Therefore, it is likely the observed size differences at the same temperature for a 

reaction carried out in the presence and absence of HDA may reflect a thermodynamic limitation 

attributable to monomer activity in the presence of HDA rather than a simplistic model where the 

packing of HDA on the growing QD hinders monomer accessibility as previously suggested.90  
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Figure 3.1A.32Size vs Temperature 
 
Optical spectra of CdS QDs i) 4.3 nm, ii) 4.5 nm, iii) 4.8 nm, iv) 5.2 nm, and v) 5.6 nm.  
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Figure 3.1B.33TEM CdS 5.3 nm 
 
TEM image of 5.3 nm QD. 
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Figure 3.1C.34pXRD  CdS 5.3 nm 
 
 pXRD spectra of a 5.3 nm CdS QD displaying a Zinc Blende structure.   
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Figure 3.2.35TEM of CdS showing 5.4% Dispersity 
 
TEM image showing 5.4% dipersity of CdS quantum dots with an average size of 5.3 nm.  
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Figure 3.3.36TEM of CdS w/ Clear Lattice Fringes 
 
TEM enhanced excerpt image from Figure S1 showing clear lattice fringes with no visible 
glide plane defects on Zn Blende CdS QDs.   
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3.3.2 Absorption Properties 
The linewidth of the first exciton absorption is dependent on the QD size and the presence or 

absence of HDA (Figure 3.5A). The linewidth is effectively invariant in the absence of HDA (24 

nm), but exhibits a strong size dependence (38  24 nm) in the presence of HDA approaching 

the linewidth of non-HDA grown samples only for the largest CdS QD size. The 5.3 nm CdS 

grown in the absence of HDA yields the sharpest excitonic absorption features reported in the 

literature to date.91,93,109  

Although the size of the CdS is strongly dependent on the presence or absence of HDA, 

as well as the reaction temperature and time, the dependence of the optical absorption linewidth 

in the presence of HDA is dependent only on the reaction time (Figure 3.5B), while in the 

absence of HDA no spectral sharpening is observed in time. The linewidth for the exciton 

absorption in the presence of HDA narrows from 34nm (18s) to 24nm (100s). The narrowing of 

the linewidth in the presence of HDA can be fit to an exponential function indicative of changes 

in either the surface of the QD via reconstruction or a size focusing of the QD due to monomer 

limitation. It is believed the effect of HDA is to limit the monomer activity, consistent with the 

smaller QD sizes observed at identical reaction temperatures. It is worth noting that the optical 

data for this work reflects raw batch QDs isolated by complete precipitation of the CdS QDs 

from solution by addition of MeOH. 

3.3.3 Photoluminescence Properties 
Band edge photoluminescence is observed over the entire size range for the CdS QDs with a 

FWHM of 18 nm (Figure 3.1A). No change in the PL linewidth or magnitude of the band edge to 

defect PL intensity is observed in the presence or absence of HDA as a function of reaction time. 

The PLQY however is size, passivant (Figure 3.6A), and time at reaction temperature (Figure 

3.6B) dependent. Comparison of the PLQY for a similar sized CdS indicates the PLQY in HDA 

is reduced, for example the 5.2 nm CdS grown in the presence of HDA has a PLQY of 8.45%, 

while the CdS grown in the absence of HDA has a PLQY of 17.8%. The effect of HDA on the 

reaction is investigated in further detail below, but it is believed that the variability in PLQY may 

reflect differences in packing efficiency of the passivant on the QDs or differences arising from 

the reaction temperature/time to reach the larger QD sizes in the presence of HDA.110  

The observation of passivant dependent and size dependent PLQYs for CdS are not 

surprising. The reported PL QY for CdS QD varies widely by the method of synthesis. A recent 
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Figure 3.4A.37Effect of Temperature on Size w/ and w/o HDA 
 
The growth behavior of CdS quantum dots in the MW cavity in the presence (red) and 
absence (black) of HDA as a function of temperature at zero hold time. 
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Figure 3.4B.38 Effect of Time on Size w/ and w/o HDA 
 
The growth behavior of CdS quantum dots in the MW cavity in the presence (red) and 
absence (black) of HDA as a function of held at the reaction temperature for a specified 
time. 
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Figure 3.5A.39Absorption Linewidth vs. Size  
 
Changes in the exciton absorption linewidth for synthesis of CdS in the MW cavity in the 
presence (red) and absence (black) of HDA as a function of size for samples isolated at zero 
hold time.   
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Figure 3.5B.40Absorption Linewidth vs. Time 

Changes in the exciton absorption linewidth for synthesis of CdS in the MW cavity in the 
presence (red) and absence (black) of HDA for samples held at the reaction temperature for 
a specified time.   
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report for CdS preparation within the MW cavity shows a QY of ~2% with a rapid degradation 

of the PL QY as the reaction times increase.94 By comparison the lyothermal reaction of CdO, 

ODE, and sulfur produced a reported QY of 12%.89  

A decrease in the PL is observed in the presence and absence of HDA for a reaction held 

at a specific reaction temperature. The reaction carried out at 2400C is shown in Figure 3.6B and 

can be fit to an exponential function. At long time, the PLQY approaches the same value for both 

samples, indicating the time dependence is not due to the presence of HDA. The time dependent 

loss in PLQY is surprising as the linewidth of the absorption is observed to narrow over the same 

time domain (Figure 3.6). The time dependent evolution of the PLQY may reflect differences 

upon reaching the Ostwald ripening stage of the reaction surface oxidation, 90, 111, 112 or surface 

reconstruction influencing the facet expression in the QD and the effective surface passivation. 

Surface oxidation is expected to decrease the PLQY but not lead to sharpening of the absorption 

features; however, reconstruction of the QD surface can lead to sharpening of the absorption and 

loss of PLQY.113 It is unlikely Ostwald ripening will cause this observation, as size defocusing 

generally occurs at longer reaction times. In the MW, the Ostwald ripening regime shows 

broadening of both samples at reaction times after the CdS growth stalls. This occurs 

approximately at 1 h at a typical reaction temperature (240oC) and is unlikely to contribute to the 

observed spectral changes. (Figure 3.7A/B) Further investigation is under way to fully 

understand the time dependence. 

3.3.4 Dependence on Reaction Composition 

HDA mole ratio. The reaction to form II-VI QDs from metal and chalcogenide monomers is 

thermodynamically favorable and has been shown to be strongly influenced by the individual 

activity of the monomers in the solution relative to the monomers on the growing QD surface.92 

The observation of different behavior for formation of CdS in the presence and absence of HDA 

implies the presence of HDA effectively restricts monomer activity. A similar observation was 

suggested in the growth control of CdSe in the presence of amines.95 In Figure 3.8A, the optical 

spectra as a function of the mole ratio of HDA to TOP at 240OC is plotted at zero hold time. The 

linewidth of the exciton absorption is broadest (60 nm) for the 2:1 HDA:TOP mole ratio and 

narrows as the concentration is reduced to 0:1. The size of the QD is largely invariant with HDA 

concentration above a 0.5:1 mole ratio. The PLQYs are extremely sensitive to the HDA 

concentration exhibiting a 17.3% PLQY at 0 mmol HDA (0:1 mole ratio HDA to TOPS), 14.3 % 
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Figure 3.6A.41CdS Size vs PLQY 
 
The photoluminescence quantum yield in the presence (red) and absence (black) of HDA is 
plotted as a function of CdS QD size for a sample isolated at zero hold time. 
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Figure 3.6B.42CdS Time vs. PLQY 
 
The photoluminescence quantum yield in the presence (red) and absence (black) of HDA is 
plotted as a function of CdS QD size for samples held at the reaction temperature for a 
specified time.  
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Figure 3.7A.43CdS Time Dependent Growth w/o HDA 
 
The absorption and photoluminescence of CdS QDs grown in the absence of HDA for 
various reaction times at the desired reaction temperature. All CdS QD samples were grown 
at 240°C with a ramp time of 18min with hold times at the reaction temperature of  i) 0, ii) 
24, iii) 62, and iv) 82 min.  
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Figure 3.7B.44CdS Time Dependent Growth w/ HDA 
 
The absorption and photoluminescence of CdS QDs grown in the presence of HDA for 
various reaction times at the desired reaction temperature. All CdS QD samples were grown 
at 240°C with a ramp time of 18min with hold times at the reaction temperature of  i) 0, ii) 
24, iii) 62, and iv) 82 min.  
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Figure 3.8A.45CdS Growth w/ HDA   
 
The absorption and PL of CdS is shown as a function of HDA concentration in the reaction 
mixture. The particles are grown at 240°C with a ramp time of 18 min and zero hold time 
time under conditions with i) no HDA added (0:1 HDA: TOPS), ii) 0.1mmol (0.5:1 
HDA:TOPS), iii) 0.2mmol (1:1 HDA:TOPS), iv) 0.4mmol (2:1 HDA:TOPS). 
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Figure 3.8B.46CdS Growth at Different Sulfur Ratios 
 
The Absorption and PL spectra for CdS grown at 220°C with Cd to S ratios ranging from i) 
3:1, ii) 2:1, iii) 1:1, iv) 1:2.  
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PLQY at 0.1 mmol (0.5:1 HDA to TOPS), 33.1% at 0.2 mmol HDA (1:1 HDA to TOPS), and 

6.4% at 0.4 mmol HDA (2:1 HDA to TOPS). The results imply the Cd monomer activity may be 

influenced by the presence of HDA, thus impacting the size focus of the reaction or potentially 

the nature of the Cd or S rich surface via changes to the facet expression if HDA enhances Cd 

rich over S rich face expression.  

Influence of metal to chalcogenide ratio. In analogy to the observations in CdSe, the growth 

behavior and the resultant optical properties (exciton linewidth, PLQY) for CdS are also strongly 

impacted by the mole ratio of the Cd2+ to S2- monomer in the reaction mixture.83 In Figure 3.8B, 

the change in the optical properties as a function of the mole ratio of TOPS to Cd in the absence 

of HDA shows that the optimum conditions for growth of CdS in the MW requires a 1:1 Cd:S 

monomer concentration, as evidenced by the optimization of the exciton features and PLQY. For 

higher S monomer ratios than 1:1 relative to Cd:S, the defect intensity increases, the PLQY is 

reduced by a factor of 100, and the dispersity of the sample is lost. The loss of the PL features 

can be interpreted in terms of the reaction in a kinetic regime where excess sulfur monomer 

concentration leads to rapid QD formation with a net increase in vacancy and trap site formation 

under these experimental conditions.  

3.4 Conclusion 
The observed enhancement of reaction rates for CdS preparation in the MW provides further 

evidence that selective MW absorption into the TOP-S monomer leads to MW induced 

activation of the R3P-S bond and subsequent rapid CdS nucleation and growth. The results are 

consistent with our earlier reports that R3P-X, where X is the chalcogenide, completely 

dominates the initial MW absorption process leading to nearly instantaneous nucleation and 

growth.98 In light of these results, it is instructive to consider the MW based reaction rates 

observed for formation of CdS (18 min), CdSe (30 s), and CdTe (15s) carried out under identical 

conditions. A remarkable correlation exists between the reaction time required for formation of 

the QD materials and the bond energy for TOP-S (444 + 8 kJ/mol), TOP-Se (363.6 + 10.0 

kJ/mol), or TOP-Te (279.9 + 10.0 kJ/mol).97  

The correlation between experimental reaction times and bond strength supports the 

assumption that the difficulty in preparation of CdS from TOPS can be interpreted as a pure 

thermodynamic limitation for the activation of the chalcogenide precursor. The reaction is 

monomer limited by addition of HDA, which leads to a slowing of the reaction dynamics and the 
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observed smaller QDs at identical reaction conditions. The poorer PLQY for HDA may reflect a 

Cd rich surface due to the presence of HDA. The presence of amines on CdSe QDs has likewise 

been observed to lower PLQYs.114 Furthermore, the results strongly support the observation that 

selective MW absorption can lead to monomer activation in QD reactions. The quality and ease 

at which CdS can be prepared from TOPS further generalizes the advantages of using selective 

MW absorption to control nucleation and growth in nanoscale materials. 
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CHAPTER 4 SELECTIVE MICROWAVE ABSORPTION BY 

TOPSE:  DOES IT PLAY A ROLE IN PRODUCING MULTIPLE 

SIZED QUANTUM DOTS IN A SINGLE REACTION? 
  

 

Chemical transformations carried out under MW irradiation often produce unexpected rate 

enhancements due to selective MW absorption by reactants in the solution. We demonstrate 

unprecedented control over nucleation, growth, and Ostwald ripening in the formation of CdSe 

quantum dots (QDs), the quintessential quantum dot. The selectivity of the process is 

demonstrated by the ability to generate multiple, different sized QDs in the same reaction, where 

each QD component exhibits 6-7% size dispersity. The number of QDs, which translates to color 

intensity, and the size of the QD, which translates to color index, is completely controlled by 

temperature and concentration in the MW reaction. The ability to repetitively generate nucleation 

and growth events in which a specific color index with defined color saturation is isolated from a 

single reaction offers potential for preparing mixed QD compositions for applications in optical 

bar-coding, white LEDs, and PVs. 

4.1   Introduction 

 For the past decade organic and inorganic reactions have been shown to exhibit enhanced 

reaction rates for molecular conversions when carried out under microwave (MW) irradiation 

relative to traditional convective approaches115,116,117. Extrapolation of MW irradiation methods 

to problems in nanomaterial synthesis has also shown rate enhancement coupled to improved 

material properties.118,119,120,121 The origin of the reaction rate enhancement for chemical 

reactions in a MW reaction is poorly understood; however, the consensus of the field implies the 

rate enhancement for molecular reactions can be traced to efficient dielectric heating (super 

heating) of the reaction components within a solvent cage.122,123,124 This is easily understood by 

considering that in a MW reaction, molecules with a large static dipole are selectively heated and 

will rapidly thermalize to the solvent.125 Since the rate of MW heating is described as the ratio of 

the real and imaginary components of the dielectric constant, the phase-lag between the applied 

MW field and the molecular dipole of the reaction components results in dielectric molecular 
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heating.122 The rate of solvent heating will depend on solvent viscosity and molecular volume of 

the heated reactant in solution. 

 In a set of recent studies, we explored the use of MW irradiation to selectively heat the 

reactive monomers for quantum dot (QD) synthesis in the presence of alkanes, which are non-

MW absorbing.125 Through the use of a non-MW absorbing solvent, the reaction rate for 

formation of both II-VI and III-V nanocrystals was markedly accelerated125,126,127 Interestingly in 

the MW, the size of the isolated QD was observed to depend on the reaction temperature and not 

the power while dispersity was independent of the observed temperature and power. This is 

counter intuitive for lyothermal reactions where size focusing and defocusing is observed in the 

QD reaction driven by a diffusion controlled process due to Ostwald ripening.128,129,130,131 The 

difference in growth behavior for QDs in a MW and a thermal reaction can be interpreted by 

delineating the two independent growth regimes, namely diffusion controlled and reaction 

controlled.129 A lyothermal reaction is observed to follow diffusion control resulting in the 

observed size focusing / defocusing behavior. In the reaction controlled limit the size of the QD 

will not rapidly defocus by Ostwald ripening if the activity of the monomer in solution (asolute) is 

greater than the activity for the monomer generated by particle dissolution, which arises via an 

Ostwald mechanism (asolid). In a reaction controlled regime, Ostwald ripening will give rise to 

QD growth, but the dispersity should remain focused if the QDs are not kinetically rough.132 One 

way to achieve a reaction controlled QD growth regime would be the rapid depletion of the 

monomer in the diffusion layer around the formed nuclei.  Typically this is not achievable unless 

the monomer can be selectively activated.  Such an effect was suggested for a MW controlled 

reaction in our earlier study on CdSe and CdTe.125 

 In this manuscript, we interrogate the control offered by a reaction controlled growth for 

CdSe QDs. Although MW occurs for all the II-VI materials (CdTe, Figure 4.1), CdSe is focused 

on in this manuscript due to its wide usage by the broader community. The demonstration of 

three (and even four) independent QD sizes using the single reaction MW methodology for a 

decreasing reaction temperature protocol and a single larger QD if the reaction temperature is 

raised illustrates the control offered by a reaction controlled growth process for QDs.129  While 

repeated nucleation or SILAR growth can be seen in a lyothermal reaction, the excess thermal 

energy results in rapid evolution to a single QD size for both experiments unless very specific 

reaction controls are applied.133,134, 135 The MW QD synthetic methodology leads to highly 
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Figure 4.1.47CdTe Subsequent Growth 
 
Absorption and emission of CdTe NC grown by MW irradiation at i) 240°C for 30s and then 
at ii) 200°C for 30s after a second injection of precursor and a MW cycling event.  
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reproducible, narrow QD color codes (QD size and dispersity) and color saturation (QD 

concentration) controlled by the MW conditions. The MW QD synthetic methodology is 

compatible with industrial processing and may simplify development of applications ranging 

from biology to device platforms where bar-coding, controlled color or multiple QD sizes are 

important. 136,137,138, 139,140, 141,142,143,144 

4.2 Experimental 

4.2.1 Synthesis of CdSe QDs. 

  The synthesis of CdSe is carried out by literature procedures126 using tri-octyl phosphine 

selenide (TOPSe) as the Se2- source and cadmium stearate (CdSA) as the Cd2+ source for the 

thermal and microwave reactions125,145. The stock cadmium solution is prepared by dispersing 

CdSA (1.0 mmol, 679.36 mg) into 20 mL of solvent by sonication, while a 1 molar Se stock 

solution is prepared under Argon using Se powder (0.01mol) dissolved in 10mL of TOP. The 

MW reactions are carried out in decane under ambient conditions, while the thermal reactions 

are carried out in Octadecene under Argon.  

4.2.2 Multiple CdSe QDs. 
Multiple CdS QDs were prepared in the MW in a single reaction process by sequential 

addition of monomers at RT followed by MW heating to successively lower reaction temperature 

set-points, as shown in Figure 4.2. Carrying out the same successive additions as shown in 

Figure 4.2, but heating the reaction to successively higher set-points yields a single QD size. In 

order to maintain identical total reaction times (5min) the specific times for the three MW 

regimes (heating, hold, cool down) are varied.  The time for ramping to reaction temperature at 

300W applied MW power ranges from 2 – 3 min. The hold time for the reaction at the reaction 

temperature ranges for 30 s – 2 min. The cool down cycle is held constant at 1 min. The same 

results as presented in the manuscript for CdSe growth are also obtained if the hold time is held 

constant. For the lyothermal reaction the identical sequence is applied, however the reaction runs 

for 20 min (thermal) for each monomer addition step. The microwave reactions are carried out in 

a single mode CEM Discover System operating at 300W, 2.45 GHz with a pressure limit of 300 

psi. The thermal reactions are carried out in a standard three-neck flask with convective heating 

(heating rate 5° C/min) at identical temperature setpoints as the MW process.  
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4.2.3 Synthesis of Multiple QDs. 

Synthesis of CdS/CdSe. The material from the CdS synthesis was used without any further 

purification or precipitation. Nanocrystal CdSe was prepared from a method by Washington et 

al. in which stock solutions of CdSA and TOPSe were prepared by dispersing CdSA (1.0 mmol, 

679.36 mg) into 20 mL of decane by sonication, while a 1 molar solution of TOPSe was 

prepared under Argon using Se powder (0.01mol) dissolved in 10mL of TOP. The reaction 

mixture with a total volume of 2.25mL (totaling 4.3mL) was added to the same 10 mL reaction 

vessel under ambient conditions with the existing CdS materials using a 1:5 molar ratio of 

cadmium to selenium. The reaction mixture was heated in the microwave cavity to a temperature 

of 220°C during a 1 minute ramp period at a power of 300W. The mixture was then allowed to 

react for 30s at 220oC and immediately cooled to room temperature using forced air cooling. In 

the case where nanocrystals were isolated, standard re- precipitation methods were used.  They 

were grown in succession in the order of CdS, CdSe, and lastly CdTe without the use of any 

purification steps in between. 
Synthesis of CdS/CdSe/CdTe. Using the materials from the previous CdS/CdSe reaction 

without further purification, nanocrystalline CdTe was prepared from a similar method where a 1 

molar solution of TOPTe is made by dissolving elemental tellurium (10mmol, 1.276g) into 

10mL of TOP. In addition, a 25mM solution of CdSA in decane is also prepared. The two 

solutions are mixed at a ratio of 1:1 with a volume of 2.05 mL (totaling 6.35mL) in a 10mL 

microwave reaction vessel. 

4.3 Results and Discussion 
The mechanism for growth control of QDs is well established with two critical domains, 

a pure diffusion controlled (K <  0.01) and a reaction controlled (K > 100) limit, where K = asolute 

/ asolvent (asolute represents the activity of the solubilized monomer in solution, while asolvent 

represents the activity of the monomer on the solid surface).129,132  Under the diffusion limit the 

monomer activity in solution approaches the monomer activity of the QD surface, thus K < 1. 

This condition is easily met in a lyothermal reaction. In a reaction controlled process, K > 100 

indicating the activity of the monomer is solution is far higher than the activity of monomer 

generated by QD dissolution. This is an intriguing regime where the TOPSe in solution exhibits a 

higher activity resulting in rapid depletion of monomer within the diffusion shell. Since QD 

dissolution depends on surface roughness and time, the low asolvent implies low surface roughness 
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or fast reaction times must exist for the reaction to be described in the reaction control 

limit.129,132 

Our earlier observation of a temperature dependent reaction with tight dispersity CdSe 

QDs out of the MW suggested a reaction controlled regime for QD growth exists in the MW.125 

If this is the case, one would predict that carrying out the reaction in a stepped profile with three 

successively lower reaction temperatures, as shown in Figure 4.2, should result in the production 

of three independent well-defined QD sizes with the QD dispersity identical for each step.  In 

addition, for a reaction carried out at increasing temperatures should give rise to a single larger 

QD, similar to the SILAR reaction.146   

4.3.1 Effect of Decreasing Temperature Set-points. 

The optical data and TEM analysis for carrying out the CdSe QD growth using a 

decreasing reaction set-point profile (230oC, 200oC, 170oC) is shown in Figure 4.3A and Figure 

4.3B. In Figure 4.3A, each successive introduction of monomer at RT and heating to a lower 

temperature set-point yields a new lower energy PL feature and increasingly complex excitonic 

spectra at higher energy for the absorption spectral manifold. For the three monomer additions, 

based on the new spectral features it appears three individual QDs are formed in the solution. 

The complexity of the absorption spectral manifold arises from the overlapping higher lying 

excitons for the successively smaller QDs generated in the reaction. Conducting the MW 

reaction at four specific temperature points (240°C, 210°C, 180°C, and 150°C), yields four PL 

features consistent with four discrete CdSe QDs, as observed in the absorption and PL spectra 

(Figure 4.4).  

The observable narrow PL features in Figure 4.3A can be assigned as individual PL 

features with discrete full width half-maxima (FWHM)  at 547 nm (28 nm FWHM), 581 nm (31 

nm FWHM), and 617 nm (30 nm FWHM). The PL features correlate with CdSe QDs of 3.11 

nm, 3.63, and 4.92 nm, respectively. The QD sizes assigned from PL are confirmed by Scherrer 

analysis of the pXRD data and by inspection of the TEM of the raw sample after the third 

monomer addition reaction (Figure 4.3B). The narrow PL features (28-31 nm) imply tight 

distributions for the QD size dispersity following growth. Comparison of identical QD sizes 

prepared by a traditional lyothermal route yield a FWHM of 28-29 nm for 5% size dispersity 

sample, suggesting the stepped reaction profile does not increase the dispersity of the QD 

samples grown in the MWs.147,125 Assuming no significant loss of dispersity in sequential 
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Figure 4.2.48Microwave 3x Cycle Heating 
 
MW cycling protocol used for decreasing reaction temperature sequence to produce three 
discrete tight dispersity QD samples in the MW cavity. 
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Figure 4.3A.49Decreasing Temperature Setpoint on 3x Injection CdSe 
 
Absorption and PL spectra for CdSe QDs prepared at sequentially lower reaction set-points 
i) 230°C, ii) 200°C, iii) 170°C.  
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Figure 4.3B.50TEM 3x Injection CdSe 3 Sizes 
 
TEM of CdSe QDs (A iii) grown after three monomer additions at sequentially lower 
temperature.  
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Figure 4.3C.51Increasing Temperature Setpoint on 2x Injections 
 
The absorption and PL spectra of CdSe QDs grown using an increasing temperature set-
point protocol. i) 180°C and ii) at 240°C 
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reaction events, as suggested by the lack of change in PL FWHM for the largest QD during the 

reaction, this implies the initial dispersity established by the MW absorption of QD growth is 

maintained during the entire time of the reaction for all QDs in solution. TEM analysis for each 

individual step in the reaction confirms no size change occurs or changes in the size dispersity 

for each individual QD size generated during the MW cycling (Figure 4.5). The lack of change to 

the QD size dispersity or QD sizes for each subsequent reaction is surprising and implies no 

contribution from size defocusing during the MW reaction. The observation of no size 

defocusing implies Ostwald ripening is a minor contributor, which is somewhat surprising.  One 

possible explanation is the time scale of the reaction is short or the QDs in the solution lack of 

kinetic roughness due to annealing of surface defects potentially by direct MW absorption by the 

QD following monomer depeletion.132 

4.3.2 Effect of Increasing Temperature Set-points. 

Assuming a reaction controlled growth regime in the MW, carrying out the reactor at 

increasing temperature set-points is expected to increase the QD size and narrow the size-

dispersity, rather than produce individual QDs. In effect a size focusing reaction arising from the 

lower energy for a monomer to add to a pre-existing QD if the reaction to a larger QD size is 

thermodynamically favorable.146  In Figure 4.3C, the absorption and PL data are shown for a two 

monomer additions carried out at 180°C   (first monomer addition) and 240°C (second monomer 

addition).  It is evident from the absorption profile that the initial 180°C step produces a QD of 

3.6 nm in size (λabs = 536nm, λem = 554 nm).  The second 220°C produces a larger CdSe QD of 

4.5nm in size (λabs = 573 nm, λem = 588nm), nearly identical to the size expected for a reaction 

carried out at 240° C. A narrowing of the absorption excitonic features and the PL FWHM (56 

nm  32 nm) is also observed following the second monomer addition for the data in Figure 

4.3C. The narrowing of the spectral features implies narrower size dispersity following the two-

step MW heating at increasing temperature set-points similar to a SILAR reaction. Inspection of 

the absorbance intensity, which correlates to the number of QDs in solution (when corrected for 

ε) shows no increase in the number of QDs in the reaction mixture following the second 

monomer addition implying the monomer reacts with the QDs in solution and does not form a re-

nucleation event. These results support that CdSe QD growth in the MW is well-described by the 

reaction-controlled regime (K > 100).129,32 
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Figure 4.4.52Decreasing Temperature Setpoint 4x CdSe  
 
The absorption and emission spectra showing CdSe nucleated with successive injections (up 
to 4 shown here).  
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Figure 4.5A.53TEM CdSe 240C 30s Microwave Reaction 
 
TEM of CdSe grown in a single MW reaction achieved by MW cycling in the presence of 
added precursor for CdSe grown at 240 0C for 30s. 
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Figure 4.5B.54TEM Decreasing Temperature Setpoint 2x CdSe 
 
TEM of CdSe grown in a single MW reaction achieved by two subsequent MW cycling 
events in the presence of added precursor for the 2nd Precursor injection grown at 210 0C 
for 30s. 
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Figure 4.5C.55TEM Decreasing Temperature Setpoint 3x CdSe 
 
TEM of CdSe grown in a single MW reaction achieved by three subsequent MW cycling 
events in the presence of added precursor for the 3rd Precursor injection grown at 180 0C 
for 30s. 
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4.3.3 Influence of Selective Absorption by TOPSe. 

While it is clear that the reaction temperature controls the observed QD size, it is unclear 

whether or not the growth behavior is traceable to selective activation into TOPSe in solution 

leading to the observation of an enhanced reaction rate. As suggested previously,125,126  TOPSe 

has the largest MW cross-section, implying that TOPSe absorption accounts for the rate 

acceleration in the MW and subsequent growth behavior of the QDs. To confirm the MW growth 

behavior is attributable to selective absorption into TOPSe generating a highly activated Se 

monomer in the solute, a set of experimental controls were conducted to compare the results 

from a lyothermal method, a MW reaction carried out in the presence of a strong microwave 

absorber, and a MW reaction carried out without additional monomer.  The reactions are 

conducted with identical reaction set-points (220oC, 180oC) via addition of monomer at RT and 

subsequent heating.  The lyothermal reaction requires longer reaction times due to the slower 

heating rates.   

Lyothermal Reaction. The absorption and PL spectra for the lyothermal reaction carried out with 

monomer addition and temperature ramping to 220°C followed by monomer addition at RT and 

reaction at 180°C are shown in Figure 4.6A. The initial absorption and PL for the 220°C growth 

can be assigned to the formation of a 4.42 nm CdSe QD (580 nm PL, 29 FWHM) (Figure 4.6A 

(i)). Following addition of fresh monomer and heating to 180°C (3h) yields an absorption and PL 

feature consistent with a 4.57nm QD (593 nm PL, 38 FWHM) (Figure 4.6A (ii)). Notably the 

absorption and PL data in Figure 4.6A for the lyothermal reaction do not exhibit two discrete 

PLs, exhibits PL broadening, and exhibits QD growth to a larger size following the second 

monomer addition, even though the reaction is carried out at a lower temperature set-point.  

Upon introduction of fresh monomer, the absorption FWHM broadens from 28  43 nm for 

absorption and the PL spectra broadens from 30  38 nm implying loss of size focus in the 

reaction.  The temperature dependent growth behavior for a lyothermal growth reaction is 

consistent with repeated results. 130,148,149   

The time dependent changes in the absorption and PL features following the second 

monomer addition for the lyothermal reaction are telling (Figure 4.7).  Inspection of the 

absorption and PL spectra following the second monomer addition  at RT and subsequent heating 

to 1800C indicates an appearance of a second nucleation/growth event at short experimental 

times, 30 -60 min. After 60 min, the second absorption feature is lost and the lowest energy 
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Figure 4.6A.56Lyothermal Reaction 2x CdSe Injection 
 
Absorption and PL spectra for lyothermal reaction with subsequent monomer addition 
carried out at i) 220°C and ii) 180°C.  
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Figure 4.6B.57Increasing Temperature Setpoint 2x CdSe w/ IL 
 
The growth of CdSe QDs in the MW  with two subsequent monomer injections in the 
presence of an IL, specifically 0.2mmol ImCl at i) 220°C and ii) 180°C. 
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Figure 4.6C.583x Microwave Cycling w/ Precursor Addition 
 
MW cycling reaction in the absence of monomer addition at i) 220°C, ii) 200°C, and iii) 
180°C. 
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Figure 4.7.59Thermal 2x Re-Injection at Increasing Temperature 
 
Absorption and emission of the complete thermal re-nucleation with aliquots taken at 15-
30min intervals. 
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exciton broadens. In conjunction with the absorption spectral changes, a small PL shoulder is 

observed, which is lost at longer reaction times. The observed time dependent growth and 

broadening observed in the spectral data can be attributed to classical Ostwald Ripening 

processes in a diffusion controlled reaction limit.129,132 It is worth noting that lyothermal 

reactions do show size focusing (SILAR method), as well as separate nucleation events, if the 

monomer addition is added slowly at the same reaction temperature.146 

Reaction in the Presence of a Strong MW Absorber. In the MW, it is well known that the 

strongest MW absorber will selectively absorb the MW energy.150 Since the selectivity of MW 

absorption by molecules in solution should follow the magnitude of the molecular dipole and 

thus the dielectric constant of the material, carrying out the reaction in the presence of 1-hexyl-3-

methyl imidazolium chloride (ImCl), an ionic liquid with a known large static dipole and large 

dielectric constant should increase the heating rate of the solution. 151,152 The experimental 

control was carried out by adding 0.2 mmol (0.0492g) ImCl to the reaction components, where 

ImCL is in a 1:5 mole ratio of TOPSe to ImCl. The assumption that the MW energy is more 

efficiently absorbed by ImCl rather than TOPSe is evidenced by the increased heating rate to 

reach reaction temperature which exhibits a 2.47 °C/s in the absence of  ImCl and a value of 3.02 

°C/s in the presence of 0.2 mmol ImCl in the reaction mixture.  

MW absorption into TOPSe may either lead to activation of TOPSe (asolute) consistent 

with a reaction controlled growth regime, or to rapid solvent heating by thermalization. If the 

observed reaction properties arise from TOPSe activation via selective absorption into TOPSe, 

than one would predict addition of a stronger MW absorbing molecule (larger dipole moment) to 

the reaction should have a large impact on the observed QD growth behavior by suppressing the 

fractional contribution of MW energy absorbed directly into TOPSe. On the other hand, if 

TOPSe only enhances reaching the reaction temperature and thus accelerates the reaction rate via 

thermally triggered nucleation, the addition of a strong MW absorber should further enhance the 

reaction rate. 

 The results for a two monomer addition protocol at 220°C and 180°C are shown in Figure 

4.6B. For the same reaction temperature, the size of the QDs grown in the presence of ImCl is 

larger than the QDs isolated in the absence of ImCl. In the presence of ImCl, the QD grown at 

220°C has a PL feature at 545 nm (FWHM 28 nm) corresponding to a 3.96 nm QD. For the 

reaction at 180°C, the PL shifts to 560 nm and broadens (PL FWHM 28  44 nm).  The size of 
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the QD grows from 3.96 nm to 4.23 nm during the second reaction step.  The broader PL feature 

for the samples grown in the presence of ImCl implies a loss of the QD size dispersity. Although 

it is difficult to distinguish between a reactant and a solvent heating effect, the competition for 

MW absorption when ImCl is added appears to eliminate the observed discrete QD formation 

and impacts the temperature dependent growth behavior. This suggests that a simple rate 

enhancement arising from accelerated solvent heating cannot be used to completely explain the 

observed reaction observations. 

Reaction in the Absence of Monomer Addition. To further interrogate the impact of selective 

MW absorption by TOPSe, the affect of carrying out the identical reaction in the absence of 

fresh monomer are shown in Figure 4.6C. The reaction was carried out as shown in Figure 4.2; 

however, no fresh monomer is added prior to heating to the next temperature point. The 

absorption and PL spectra in Figure 6C show no observable shift in the spectral profile or 

spectral broadening for the reaction heated to 220°C, 200°C, and 180°C, sequentially. This 

indicates the growth behavior in the MW cannot be attributed to lowering the reaction 

temperature alone. The lack of a new PL feature, a PL spectral shift, or PL broadening for the 

exact same reaction without additional monomer being added implies the monomer is consumed 

during the initial MW ramping and thus does not contribute to changes in the QD size or 

dispersity unless fresh monomer is added. By comparison to the lyothermal reaction, one would 

have expected a loss of size focus due to Ostwald ripening, unless the QD distribution is tight 

and the surface of the QDs is smooth due to the lack of kinetic roughening.129 Although the 

assumption of QD surface roughness being low contributing to the lack of apparent Ostwald 

ripening cannot be easily proven, it is reasonable to assume the MW energy is absorbed into the 

QD and may result in a continuous annealing effect of the QD surface within the MW cavity. 

The assumption is supported by the fact that a QD has a MW absorption cross section 

(approximately 1/3 of TOPSe) coupled to the fact that the monomer is depleted and the number 

of QDs (as well as size) increase as the reaction progresses, resulting in an increased fraction of 

the MW energy being absorbed by the QD. 

4.3.4 Influence of Monomer Concentration on QD Growth. 
 The three results from the MW reaction controls, namely lyothermal growth, addition of 

fresh monomer in the presence of ImCl, and growth in the absence of fresh monomer implies the 

QD nucleation / growth is coupled to the absorption of MW energy by the TOPSe. While it is 
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clearly indicated that TOPSe absorption must be important, the temperature dependent growth is 

yet unexplained and the influence of monomer concentration on the number of nuclei generated 

in a solution following MW irradiation must be investigated.  To investigate the number of 

nuclei formed at each step of the reaction and thus whether there is a change in the number of 

QDs in solution after the final heating cycle; the number of QDs generated at each reaction step 

was analyzed.  

Number of QDs in Solution.  Inspection of Figure 4.3A shows that for addition of equimolar 

concentrations of fresh monomer when corrected for the absorption cross-section, the CdSe PL 

intensity is not equivalent for each QD formation. While this might imply a lower number of 

QDs for each step, this is misleading as the extinction coefficient for a QD is size dependent. 153  

Assuming the PL intensity will reflect the product of the probability for the absorption (ε) 

multiplied by the absorption cross section if the quantum yields are similar, then the observed PL 

can be correlated to the number of nuclei in solution. 

In Figure 4.3A, the PL intensity ratio is 100 (537 nm, 3.11 nm): 41 (583 nm, 3.63 nm) : 

15 (619 nm, 4.92 nm).  The ratio of ε for the first two sizes (4.92 nm ε = 382,466.7 ML-1cm-1 and 

3.63 nm ε = 167,466.7 ML-1cm-1) is 44% (a decrease of 2.28).  Correction for the size dependent 

extinction coefficient accounts for the decrease in PL observed in Figure 4.3A for the first and 

second QD.  Using the extinction coefficient ratio for the next two sizes (3.63 nm ε  = 167,466.7 

ML-1cm-1 and 3.11 nm ε = 80,800 ML-1cm-1), we expect a PL decrease of 48, which is slightly 

smaller than observed in the PL spectra (Figure 4.3A) but well within the experimental limit of 

this calculation. The observation of the equivalent number of nuclei formed at each step of the 

reaction suggests that in the MW the number of nuclei formed is concentration dependent. The 

observation of no change in the number of initially formed QDs or QD size evolution during the 

second heating cycle, is consistent with the suggestion that all of the initial monomer from a 

prior monomer addition is consumed and does not contribute to further QD size evolution. If the 

MW absorption into TOPSe was screened by the presence of the larger QD, one might expect 

that the number of nuclei would decrease for each subsequent reaction. Likewise, if the monomer 

was not consumed, then the number of nuclei would be expected to vary as the monomer 

concentration would effectively increase for each subsequent reaction event. The lack of changes 

in the number of QDs in solution and the size of the QD for the largest size after three reaction 

cycles indicates that the monomer does not react with a previously formed QD.  
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Monomer Concentration Dependence for Number of QDs. In an attempt to probe the relationship 

between the monomer concentration, number of nucleation events, and the formation of CdSe 

QDs in the MW for a two monomer addition protocol, a series of reactions were carried out at 

various concentrations for the second monomer addition (0.1 – 3.0 mmol) at fixed volume and 

monomer ion mole ratio (1:3 CdSA to TOPSe) .  The absorption and the PL spectra (Figure 

4.8A) exhibit an increase in the intensity of the higher energy feature with increasing monomer 

concentration. By spectral de-convolution, the red shift in the PL can be attributed to the 

overlapping PL features and not a shift in the size.  Spectral de-convolution and fitting the width, 

frequency, and area using a Guassian profile for each concentration indicates no change in the 

exciton absorption wavelength, no change in FWHM, and only a change in the area for the 

smaller QD over the entire concentration range (0.1 – 3.0 mmol). A plot of the difference in 

absorption intensity (Ix (0.6 mmol TOPSe) – Io (0 mmol TOPSe)) for the smaller QD at 520 nm 

as a function of the TOPSe concentration indicates the number of QDs generated is dependent on 

the concentration of monomer (Figure 4.8B). A linear increase in the absorption for the second 

QD with a slope of 4.23 is observed which indicates the reaction is Se limited. When the 

absorption and photoluminescence excitation (PLE) are plotted together, after the reinjection of 

new precursor and a microwave cycling event, there is a new peak the is evident in the PLE that 

is in the same position as the new peak seen in the absorption. With the addition of Imcl and new 

precursor, no new peak appears in either the absorption or PLE. (Figure 4.8C) After further 

investigation, the number of nuclei versus CdSe molar concentration shows a linear dependence 

indicating that nuclei formation follows directly with the amount of CdSe precursor added.   

The observation that the number of QDs is linearly dependent on the TOPSe 

concentration is not surprising, as this is expected if the nucleation and growth occur 

instantaneously upon absorption of the MW energy into TOPSe. The constant number of the 

initial QD coupled to the concentration dependence for the smaller QD strongly implies the 

growth events are independent for each QD in solution and only relates to TOPSe absorption. 

(Figure 4.8D)  

4.3.5 Influence of Addition of Only a Single Monomer. 
To analyze the contribution ascribable to TOPSe, the reaction was carried out for a two-

sep reaction (2200C and 180oC) where only one of the monomers is added (CdSA or TOPSe). 

The optical data is shown for addition of 0.3 mmol TOPSe in Figure 4.9A, while the change in 
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Figure 4.8A.60Increasing Concentration for 2x CdSe Precursor Injection 
 
Absorption and emission (inset) spectra for reaction with increasing concentration of fresh 
monomers effect during the second step. 
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Figure 4.8B.61Initial Se Concentration vs. Intensity Bandedge Abs Peak 
 
Plot of the relative intensity of the absorption contributions for the two independent QDs 
generated in the two step reaction as a function of added TOPSe monomer in a 1:3 CdSA to 
TOPSe mole ratio.  
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Figure 4.8C.62Abs/PLE CdSe 2x Injection/MW Cycling  
 
Absorption and PLE spectra for CdSe NC before (green), after re-nucleation (red) for the 
first and second precursor injection, and re-injection including the addition of ionic liquid 
(black) along with the precursor.  
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Figure 4.8D.63# of Nuclei vs. Initial Monomer Concentration 
 
Plot of the number of nuclei formed as a function of initial precursor concentration at a 
molar ratio of 1:3 Cd to Se using CdSA and TOPSe.  
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the optical data for addition of TOPSe between 0.072 mmol → 0.3 mmol, is shown in Figure 10. 

Upon addition of 0.3 mmol TOPSe in the absence of CdSA, a shift in the absorption exciton of 7 

nm is observed, while a shift of 19 nm in the PL occurs. In addition a weak, new PL feature 

appears at higher energy. The spectral shift corresponds to a change in QD size from 4.18 to 4.42 

nm. The observed spectral shift and weak PL feature that appears and the observed growth in the 

absence of CdSA supports the suggestion that the monomer is effectively and TOPSe is the 

limiting reagent. 

 Upon addition of 0.4 mmol CdSA in the absence of TOPSe, no new PL feature or 

significant growth is observed in the reaction although the reaction reaches the desired reaction 

temperature albeit at a slower rate (Figure 4.9B). The results support the analysis that the TOPSe 

is the critical reaction component in the MW reaction and independent of the solvent or other 

precurors, and suggests strongly that the QDs in solution absorb the MW energy as the TOPSe is 

depleted. (Figure 4.10)  

4.3.6 Multiple QDs in One Reaction Mixture. 
 The ability to produce multiple materials in one solution as we have discussed here can 

be extended to the synthesis of multiple types of QDs in the same solution. The advantage of 

making materials in one batch stems from the idea of making a single reaction L.E.D. system 

where you have the RGB colors all in the same reaction mixture. Initial work began by 

attempting to synthesize a binary reaction including both CdS and CdSe nanoparticles. In Figure 

4.11A, the absorption and emission spectra for CdS nanoparticles and CdS/CdSe nanoparticles 

indicates that the CdS is still present in the solution either as individual dots or fused together 

with the CdSe nanoparticles.154, 155 The extreme decrease in the PL intensity for CdS by an order 

of magnitude provides some evidence that the particles are probably fused together although 

there is no conclusive evidence from TEM analysis at this time156, 157,158  Taking this sample and 

adding an additional semiconductor (CdTe) gives an additional peak corresponding the CdTe 

absorption and PL feature. (Figure 4.11B) In addition, a very broad an intense PL feature is 

observed in the near infrared region of the spectra. The near IR fature is believed to arise from 

Type-II QD behavior by e-/h+ recombined with the CdS-CdTe or CdSe-CdTe interfaces.159 This 

indicates that there is a direct transfer of energy from the CdS and CdSe excitons down to the 

CdTe. TEM analysis is currently unavailable to distinguish, although tetrapods can be observed.  

After careful analysis of the TEM in Figure 4.11C, the conclusion that the materials have fused 
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Figure 4.9.64Addition of 0.3 mmol TOPSe or CdSA Monomers w/ MW Cycling  
 
Absorption and PL spectra of CdSe reactions before (-----) and after (___) only a single 
monomer is added following an initial MW cycling event.  A) 0.3 mmol TOPSe. B) 0.04 
mmol CdSA/decane. All samples were heated at 220°C for 30s and 190°C for30s. 
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Figure 4.10A/B.65Addition of 0.072 mmol TOPSe w/ MW Cycling 
 
A) 0.072 mmol TOPSe/Decane B) 0.072 mmol TOPSe before (green/black)/after (blue/red) 
MW reheating. All samples were heated at 220°C for 30s and 190°C for30s. 
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Figure 4.10C/D.66Addtion of 0.12 mmol TOPSe w/ MW Cycling 
 
C) 0.12 mmol TOPSe/Decane D) 0.12 mmol TOPSe before (green/black)/after (blue/red) 
MW reheating. All samples were heated at 220°C for 30s and 190°C for30s. 
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Figure 4.10E/F.67Addition of 0.3 mmol TOPSe w/ MW Cycling 
 
E) 0.3 mmol TOPSe/Decance F) 0.3 mmol TOPSe before (green/black)/after (blue/red) MW 
reheating. All samples were heated at 220°C for 30s and 190°C for30s. 
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Figure 4.10G.68Abs/Em Addition of CdSA w/ MW Cycling 
 
0.04 mmol CdSA/decane before (green/black)/after (blue/red) MW reheating. All samples 
were heated at 220°C for 30s and 190°C for30s. 
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Figure 4.11A.69Abs/Em CdS/CdSe 
 
The absorption and emission spectra of CdS grown individually (black) and the CdSe/CdS 
grown consecutively (red) in the same reaction mixture.  
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Figure 4.11B.70Abs/Em CdS, CdSe, CdTe 
 
Absorption and emission of multiple cadmium chalcogenide materials (CdS, CdSe, CdTe) 
with microwave cycling in one solution.  
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Figure 4.11C.71TEM Heterostructures CdS, CdSe, CdTe 
 
A TEM image showing the heterostructures formed as a result of adding CdS, CdSe, CdTe.  
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together to form heterostructures is confirmed. This direct linkage of the quantum dots explains 

the extreme decrease in the emission intensity of the parent dot as each successive material is 

added to the solution mixture. However, it is surprising that the aborption feature remains intact 

even though the materials are all sharing a face of their structure. Due to the complexity and 

small size, pXRD was determined to be in conclusive in determining the composition and 

structure of the heterostucture material. Further studies are underway. 

4.4 Conclusion 
The previously observed temperature dependent growth behavior of CdSe QDs in the MW 

suggested that the QD growth may be governed by a reaction controlled mechanism,129,132 where 

the activity of the solute phase monomer relative to the monomer generated by QD dissolution 

must be large (K > 100 regime). We believe this is achieved by the selective activation of the Se 

monomer through MW absorption into TOPSe. The result of selective absorption into TOPSe 

leads to a large K value, zero growth conditions in solution, and the limit of the participation of 

Ostwald ripening during the timescale of the reaction. Under the limit of reaction controlled 

conditions, the size of the QD can be described as temperature controlled without the appearance 

of size defocusing arising from Ostwald ripening.    

In the MW due to the rapid growth, monomer depletion, and QD surface energy the size of the 

QD is temperature dependent but will reflect a competition between growth and nuclei 

formation.  Under these conditions the reaction is in the reaction-controlled limit described by 

Talapin,130,133 which results in a narrow size dispersity for each growth event when the reaction 

temperature is lowered for the MW reaction.  The lack of Ostwald ripening suggests a smooth 

(defect-free) surface most likely exists for these QDs, thus the QDs achieve zero growth rate. We 

believe the zero-growth rate arises from reconstruction of the QD during the reaction lowering 

the surface activity towards monomer addition via QD MW absorption following monomer 

depletion.  The result can be understood by considering the fact that as the QDs grows, the MW 

absorption by the TOPSe decreases as the MW absorption form the growing CdSe QD increases 

providing the necessary energy for surface reconstruction to minimize kinetic roughness.130 
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CHAPTER 5 CONCENTRATION CONTROLLED CRYSTAL 

MOTIF IN NANOCRYSTAL GROWTH 
 

 

The low energy difference in the sphalerite or wurtzite packing arrangement for CdSe can lead to 

polytypism at the nanoscale. According to Ostwald’s rules the metastable phase stability is 

inverted at the initial nucleation point, leading to the initial formation of the sphalerite phase. By 

controlling reaction growth conditions such that the growth rate is slow, a binary phase diagram 

for isolation of CdSe as pure hexagonal (wurtzite) or pure cubic (sphalerite) crystal phases can 

be developed for CdSe between 3-15 nm. Isolation of the sphalerite phase is achieved at low 

monomer and low Se/Cd ratios, while the wurtzite phase is isolable at high monomer 

concentrations and large Se/Cd ratios. Based on TEM analysis, the pure phases exhibit no 

stacking faults while the mixed phase have stacking faults and readily interconvert from 

sphalerite to wurtzite at long thermal annealing times. Consistent with isolation of the pure 

phases, the exciton absorption tracks with the effective mass approximation predictions for the 

respective lattices. 

5.1 Introduction 
The size dependent physical properties observed in quantum dots (QDs), where the size of the 

crystal is smaller than the natural Bohr radius, have intrigued scientists for quite some time.160 

The fundamentals of the size dependent changes in the physical properties are well understood 

and are already finding applications for a wide range of fields.161, 162, 163 The influence of 

nanocrystal habit (shape) 164,165,166,167 and crystal motif (structure) 168 have also attracted 

attention, since the confinement energy will depend not only on the different confinement length 

scales for non-spherical nanocrystals, but also the crystal motif of the nanocrystal.169, 170, 171 The 

impact of crystal structure on confinement is important, as the confinement of the exciton 

wavepacket and the exciton splitting is dependent on crystal motif, since the bandgap energy and 

band structure change for different atom packing arrangements.   

In a wide range of nanoscale materials, polytypism has been reported to be size 

dependent with the metastable (kinetic) crystal phase observed to be the energetically favorable 

phase below a critical diameter.170, 172, 173, 174, 175, 176, 177, 178, 179, 180, 181, 182, 183, 184 The critical size 
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domain for phase stability in a binary semiconductor reflects the crossing point for the total free 

energy of the particular crystal phase, which is widely influenced by ligands, solvents, and the 

reactants.175, 179For nanocrystalline materials the critical size domain for phase stability will 

dominate the surface free energy and the core defect densities. In solvothermally grown 

materials, Ostwald’s rules predict the metastable or kinetic structure will form rapidly and be the 

predominate species at nucleation.176, 185 In the case of the metastable sphalerite and 

thermodynamic wurtzite phase, the sphalerite phase is preferred at the initial nucleation step 

since the structure approaches a spherical limit thus lowering the energy for nuclei formation.176, 

178, 186 As the nanocrystal grows a phase transition to the more thermodynamically favorable 

phase is expected to occur driven by stacking fault migration. The energy required to allow the 

stacking faults to collectively migrate and thus anneal in a growing nanocrystal is directly 

proportional to the number of stacking faults and vacancies in the material,187, 188 becoming 

increasingly more energetically unfavorable as the crystallite grows in size and for nanocrystals 

exhibiting low defect densities.189 The critical diameter for a phase transition from the kinetic to 

thermodynamic phase is therefore dependent on the presence of stacking faults, vacancies, the 

growth method, and the rate of growth of a particular nanocrystal system.    

The observation of size dependent polytypism in binary nanocrystals can be attributed to 

an apparent reversal of structure stability for the different crystal motifs at small nanocrystal 

sizes.175, 176  Polytypism in QDs does not lead to kinetically trapped phases but rather arises from 

thermodynamic influences.172 CdSe grown by MOCVD or electrochemical methods exhibits 

both wurtzite and sphalerite phases over a wide size range, while lyothermal growth yield 

sphalerite below 3 nm and wurtzite for larger CdSe QDs. Observation of large CdSe QDs grown 

lyothermally in the sphalerite phase is rare,170, 184 and is often attributed to the presence of 

stacking faults.168 The observation of polytypism is not surprising in CdSe as energetically the 

ion packing for each lattice is very similar ~ 13-14 meV atom.190 In addition, the similarity in 

packing motifs for the two phases leads to identical faces along the <111> face for sphalerite and 

the <0001> face for wurtzite lowering the barrier for stacking fault formation as the nanocrystal 

grows and thus acts as a low barrier for polytypism in these materials.   

Since the energy difference between sphalerite and wurtzite for CdSe is small, either 

phase should be isolable over a wide size regime if the defect densities are controlled by the 

reaction conditions. For instance, if the growth rate is slow, the metastable product should be 
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able to be grown to larger sizes if  stacking fault and vacancy formation are minimized, thus 

raising the energetic barrier for phase interconversion as the nanocrystal grows. The inability to 

isolate pure sphalerite CdSe over a large size regime reflects the increasing lattice disorder 

observed as the nanocrystal grows under the rapid growth conditions existing in the lyothermal 

process.191 Studies on the size dependent disorder in CdSe have shown that nanocrystals formed 

under rapid growth rate conditions lead to a larger number of stacking faults. 192, 193 On the other 

hand, at slow growth rates the number of stacking faults is low as the nanocrystal growth is 

templated by the growing facet in analogy to epitaxial growth. While polytypism is known for II-

VI nanocrystalline semiconductors, the ability to control the observed polymorph over a large 

size regime for CdSe nanocrystals has not been demonstrated. 

In this manuscript, we explore the binary phase diagram for CdSe QDs crystal motifs 

demonstrating the ability to controllably isolate discrete sphalerite or wurtzite CdSe QDs over 

the entire confinement size range of 3 – 15 nm. In the reaction, three phase regions can be 

identified, namely the pure sphalerite, the pure wurtzite, and a mixed phase regime. The pure 

sphalerite and wurtzite samples exhibit no time dependent interconversion, although high 

temperature annealing of the powder yields a sphalerite to wurtzite transition at 380°C. The 

mixed phase exhibits a large degree of stacking faults and readily interconverts to the pure 

wurtzite lattice at long reaction times as previously observed in lyothermal reactions. In the 

binary phase diagram, it is observed that at high mole ratios (Se:Cd ratios > 3:1) and/or high 

precursor concentration the wurtzite lattice is observed. However, at low mole ratios < 0.4:1 for 

Se:Cd and low precursor concentration, the formation of the sphalerite phase is observed. The 

isolated QDs exhibit an aspect ratio of 1.2 and no stacking faults are observed for the pure phases 

in the TEM images. Consistent with the pure phases of the crystal motifs, the energy of the 

exciton absorption tracks a confinement model for their respective size in a given lattice motif. 

There is no change in crystallite phase over a wide size regime (growth domain in reaction) 

which implies the phase is controlled at the nucleation step and is not induced during QD 

growth. The isolation of the metastable phase is intriguing, although not unprecedented, and can 

be attributed to the lower energy for sphalerite nucleation resulting in a seed crystal. At low 

monomer flux, growth is achieved slowly allowing the low defect density materials to grow in 

the sphalerite phase. At high concentration, the monomer flux is higher leading to greater 

stacking fault errors, which in effect lowers the energetic barrier for interconversion to wurtzite.   
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5.2 Experimental 
Synthesis of CdSe. CdSe QDs were grown by previously reported synthetic methods either via 

hot injection194 or microwave195 enhanced methods with the same results. In this manuscript only 

the hot injection (lyothermal) method is reported in order to generalize the results to a broader 

community.  The binary phase diagram was generated by carrying out the reactions at various 

reactant concentration conditions (6mM, 10mM, 12.5 mM, 25Mm, 50mM, 200mM relative to 

Cd) in Octadecene with 1M TOPSe as the Se source.  The mole ratio was fixed at a 5:1 molar 

ratio of Se to Cd for the wurtzite structure and a 1:1 Se to Cd ratio for the sphalerite structure. In 

order to produce mixed phase materials, a Se:Cd ratio of 3:1 was used.  All samples were 

precipitated out of solution by addition of MeOH. The precipitate was centrifuged, redissolved in 

toluene, followed by a second precipitation step to remove excess ligand and monomer. The QD 

size was obtained by controlling the reaction temperature as previously described.36 

5.3 Results 
It is relatively easy to envision why polytypism occurs and is more favored for nanoscale 

materials. Inspection of the lattice projection reveals that the hexagonal lattice (ab packing) 

consists of a zig-zag stacking of atoms at a 60o rotation and the sphalerite lattice (abc packing) 

consists of a helical 60o twist of the planes of stacked atoms (Figure 5.1). If we consider the 

sphalerite and wurtzite lattices for CdSe, the structures are identical for the first two planes and 

develop a defined morphology at greater than three lattice planes, such that the <111> face of a 

sphalerite lattice is identical to the <0001> face of a wurtzite lattice. The ability to template one 

metastable phase during the growth of the QD therefore is energetically small for the first few 

planes and continued growth in the templated phase might be expected. In effect, if the reaction 

is controlled, the epitaxial templated structure will continue to grow preferentially without lattice 

reconstruction if the addition rate of ions is slow. Alternatively, rapid growth will minimize the 

impact of ion templating due to formation of stacking faults as the rate of addition of ions under 

a kinetic growth regime is random and faster than reconstruction. Precise control of the reaction 

conditions should allow isolation of the discrete phases over a wide size regime. 

Evidence of Crystal Motif. The isolated crystal phase for CdSe is observed to be dependent on 

the concentration of monomers and the mole ratio of Cd to Se used during the lyothermal growth 

of CdSe.   In Figure 5.2, the pXRD data on the isolated pure phases of CdSe passivated by TOP 

between 7 nm and 14 nm are shown. For concentrations < 10mM, the powder XRD pattern can 
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Figure 5.1A.723-D Polyhedron of Sphalerite Particle 
 
This figure shows how a full polyhedron of a sphalerite (A) would be projected.  
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Figure 5.1B.733-D Polyhedron of Wurtzite Particle 
 
This figure shows how a full polyhedron of a wurtzite (B) would be projected. 
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Figure 5.1C.74Sphalerite Ball and Stick Model 
 
The layers of the different stacking arrangement for sphalerite is shown in a ball and stick 
model.  
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Figure 5.1D.75Wurtzite Ball and Stick Model 
 
The layers of the different stacking for wurtzite is shown in a ball and stick model.  
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be indexed to sphalerite (F43m, card # 216), while for reactions carried out above 10 mM, the 

wurtzite lattice is observed (P63mc, card #186). The most important reflection for wurtzite is 

<002> and <103>, while for sphalerite the observation of <111> and <200> confirms the 

assignment. For structures exhibiting multiple stacking faults the <103> wurtzite plane is 

broadened in the pXRD pattern suggesting the structure is sphalerite; however the <200> zinc 

blend plane is not observed. Only in the pure sphalerite phase is the <200> plane observed in the 

pXRD. The TEM image of the largest QD sizes are shown for the two distinct phases (Figure 

5.2), confirming the pXRD assignments. Inspection of the TEM images is important, as no 

stacking faults are observable under high resolution TEM for either the sphalerite or wurtzite 

materials.  Electron Diffraction imaging of the QDs confirms the pXRD assignments. (Figure 5.2 

insert) 

In Figure 5.3, at intermediate concentrations a mixed phase is observed, where loss of the 

<103> intensity for wurtzite is observed without the appearance of the <200> plane for sphalerite 

phase.  Inspection of the TEM image confirms the appearance of stacking faults in the QDs (dark 

striations) (Figure 5.3B). The appearance of the striations in these materials suggests that loss of 

the <103> for wurtzite reflection without the appearance of the <200> sphalerite reflection is a 

good figure of merit for assigning a crystal phase with a large number of stacking faults. 

Consistent with the assignment of an intermediate regime where stacking faults are 

observed, thermal annealing of the samples at 2200C for > 29h results in a time dependent 

appearance of the <103> intensity expected for the pure wurtzite phase (Figure 5.3). Coupled to 

the increase in the (103) reflection intensity, the reflection is observed to shift ~3° in 2θ. The 

shift in the peak position is consistent with removal of sphalerite stacking faults via slow ion 

migration during annealing,9 16 

The low energy barrier for sphalerite to wurtzite interconversion suggests that the QD 

lattice should be observed to transform from sphalerite to wurtzite at low temperatures for a 

mixed phase material containing stacking faults.  Similar results have been demonstrated for 

materials grown by MOCVD and electrochemical deposition, where mixed phase materials are 

often observed.  Using the intensity of the (103) reflection as a measure of the wurtzite character 

(Figure 5.4, Figure 5.5) a first order structural phase transition is observed in the powdered 

sample at ~380°C. The phase transition temperature is consistent with the reported value 
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Figure 5.2A.76pXRD of Sphalerite CdSe 
 
Powder XRD spectra shows the ability to create stable A) sphalerite with sizes of i) 8.9nm 
ii) 9.6nm iii) 12.9nm iv) 14.3nm at 220°C in a conventional round bottom setup.  
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Figure 5.2B.77pXRD of Wurtzite CdSe 
 
Powder XRD spectra shows the ability to create stable wurtzite structures over various sizes 
including v) 7.2nm vi) 8.6nm vii) 9.6nm viii) 10.7nm at 220°C in a conventional round 
bottom setup. 
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Figure 5.2C.78TEM Sphalerite CdSe 
 
 HRTEM image of the sphalerite CdSe. 
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Figure 5.2D.79HRTEM Wurtzite CdSe (w/SAED) 
 
HRTEM image of wurtzite CdSe. Insert shows the selected area electron diffraction. 
(SAED) 
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Figure 5.3A.80pXRD Mixed Phase CdSe  
 
pXRD data for mixed phase materials that undergo a phase transition in time. The sample 
was grown at a 10mM Cd stock precursor with Cd:Se ratio of 1:3 and heated to 220°C.  
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Figure 5.3B.81TEM Mixed Phase CdSe 
 
B) TEM image is shown for the interconverting sample after 1hr of growth. (size approx. 8.6 
nm) 
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Figure 5.4.82Intensity of (103) Plane vs. Temperature 
 
A plot of the intensity of the wurtzite plane (103) as a function of increasing temperature 
according to pXRD data. The intensity of the plane for wurtzite and sphalerite (red) 
structures is shown. 
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Figure 5.5A.83Temperature Dependent pXRD Wurtzite CdSe 
 
Temperature dependent pXRD spectra obtained by annealing a (A) hexagonal sample up to 
400°C. 
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Figure 5.5B.84Temperature Dependent pXRD Sphalerite CdSe 
 
Temperature dependent pXRD spectra obtained by annealing a cubic sample from RT up to 
500°C. 
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between 300-500oC observed for CdSe phase instabilities in MOCVD, thin film, and 

electrochemically deposited mixed phase CdSe QDs.   

Binary Phase Diagram. Inspection of the pXRD data for a wide range of concentrations and 

mole ratios allows a binary phase diagram to be drawn (Figure 5.6).  Using the <111> plane of 

sphalerite and the <103> plane of wurtzite as a guide to whether the pure sphalerite or the pure 

wurtzite lattices are presents, the concentration dependent study yields three distinct identifiable 

regimes: a sphalerite domain, a wurtzite domain, and a mixed phase consisting of presumably a 

large number of lattice stacking faults in the CdSe QD.  The results of the binary phase diagram 

shows the sphalerite structure is isolated only at low reactant and low Se mole ratios, while the 

wurtzite phase can be isolated at high monomer concentrations.  

Phase Dependent QD Confinement.  It is well known that the energy levels for the sphalerite 

and wurtzite phases of CdSe are unique.196 Using an effective mass approximation for these 

materials,9,11 the confinement function for the exciton transitions in QDs exhibiting a pure phase 

will depend strongly on the exhibited phase. A theoretical fit for the energy of the first exciton to 

the effective mass approximation (EMA) model yields a size to energy trajectory that is phase 

dependent (Figure 5.7). Plotting the absorption exciton of the isolated CdSe QDs in this study as 

a function of size reveals the exciton absorption energy for a specific size is consistent with the 

EMA predictions for the two phases. The remarkable agreement between the theoretical curve 

and the experimental data supports the suggestion that control of the concentration of reactants 

allows discrete crystal motifs to be isolated in the QD reaction.  

5.4 Discussion 
It is clear from the experimental data that the two crystal phases can be isolated by 

controlling the reaction concentration. At low monomer concentration the growth rate is slow 

and the obtained QD is templated by the nucleation event. At high monomer concentration, the 

growth rate is rapid leading to a large number of stacking faults and twinned crystals thus 

lowering the energy barrier for interconversion between phases. Due to the low energy difference 

between ions packing along the sphalerite phase or wurtzite phase arrangement at rapid growth 

rates, a high propensity for stacking faults and other defects is likely. Similar observations have 

been made in the preparation of CdSe using chemical bath deposition techniques, wherein the 

number of stacking faults scales with the reaction concentrations and monomer ratios in 

solution.27 It was observed that at high monomer concentrations that the appearance of stacking 
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Figure 5.6.85CdSe Phase Diagram 
  
The different crystal motifs produced using multiple precursor concentrations and altering 
the ratio of Se to Cd. The Sphalerite (black diamond), mixed (red circle), and wurtzite 
(green triangle) are all stable in size up to 12-15nm.  
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Figure 5.7.86Bandedge Absorption vs. Inverse Size for Wurtzite and Sphalerite 
 
A plot of the size versus bandedge absorption (eV) for Sphalerite (black circles), Wurtzite 
(red squares), and mixed structures (blue triangles). The fits are Sphalerite (black line) and 
Wurtzite (red line) that are correlated to the bandedge absorption for CdSe.  
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fault levels lead to isolation of the wurtzite phase, consistent with the current results.  At low 

stacking fault levels obtained at lower concentrations, the sphalerite phase is observed with 

defect densities approaching the best levels obtained by MOCVD epitaxial growth methods. The 

results imply the growth of the binary materials is kinetically controlled and strongly influenced 

by the surface in these materials. 

  The results are readily understood using a simple growth mechanism dominated by a 

stepwise ion – by –ion addition mechanism where Ostwald’s rules predict the lowest energy 

nucleation phase will be the metastable sphalerite phase. During nucleation, the surface free 

energy dominates the nucleation event and is minimized by a structure that can approximate a 

spherical shape due to the minimization of the surface to volume ratio. In CdSe this will give rise 

to a core nucleus with a large number of <111> facets expressed following the initial nucleation 

event. Growth is then dictated by the energy of the adding ions to the existing nanocrystal phase. 

CdSe polytypism will thus reflect the surface free energy (∆G(p, T, γ)) for the particular crystal 

motif, the nucleation critical size, and the shape of the initial nuclei formed for a given crystal 

motif.   

The growth of a specific crystallite must reflect the structure of the preformed nuclei as 

long as the rate of growth is slow. Under this condition the growth can be described as a 3-D 

epitaxially templated growth problem. At slow growth rates the additional ions added to the face 

reconstruct to adopt the nuclei crystal morphology. At high reaction rates (kinetic growth), 

stacking faults appears as the additional ions added to the expressed face cannot reconstruct to 

match the expressed face under the fast growth conditions. While the growth of the pure phase 

can be rationalized the observation of a metastable phase for low concentrations conditions and 

the thermodynamically favored phase at high concentration suggest this is enthalpically 

controlled. Thus at high concentrations the thermodynamic phase is favored, while at low 

concentrations the metastable phase can be isolated. To understand the rationale, let’s consider 

nucleation theory, which predicts that a stable nucleus exists when the free energy required to 

dissolve the nuclei is equal to the free energy in the nuclei, or in effect a stable nuclei exists 

when ∆G =G(nuclei) - G(dissolution) = 0.  Since ∆G = ∆H-T∆S, a stable nuclei exists at the 

point that ∆H = T∆S. The critical nucleus in nucleation theory is defined as the d∆G/dsize, or the 

first derivative of the free energy difference. When the nucleus is small, the surface area to 
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volume ratio of the nucleus is large, resulting in a larger Gibbs free energy. The Gibbs free 

energy will go as 1/R2.    

 

5.5 Conclusion 
 Cadmium selenide quantum dots have been synthesized over a wide size range as pure 

wurzite (hexagonal) and sphalerite (sphalerite) crystal structures. The size of the particle plays no 

role in the structure as suggested previously. The only parameter that affects the structure of 

these materials is the concentration of the monomer precursor ions. Based on the data presented, 

the critical concentration for a phase change is between 11 and 12 mM concentration relative to 

CdSA and Se:Cd ratio of 3:1. The cadmium to selenium ratio is maintained at 1 to 3 because it is 

the optimal ratio for growing in this system.  The observation of the concentration dependent 

binary phase diagram is believed to reflect thermodynamic equilibrium expression (Ksp) and the 

size of the critical nuclei as governed by nucleation theory.  In the case of formation of CdSe 

QDs the amount of available free selenium in the system is believed to determine if the 

thermodynamic product (wurtzite) or the kinetic product (sphalerite) is formed. 
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