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CHAPTER I 

 

INTRODUCTION 

 

1.1 Overview 

We are in an age of rapidly advancing technologies.  Our lives are constantly being 

transformed as scientific innovations continue to drive cultural shifts and shape our 

future.  The undeniable driving force behind our improving technologies is our evolving 

knowledge of how to manipulate life’s building blocks, atoms.  Innovative materials have 

been the basis of innovative technologies.  As eloquently stated in a publication written 

by Qingshan Li and associates, “Materials science is the pillar of modern science and 

technology, industrial production and economic life.”
1
  Continuing progressions in 

technology heavily rely on discovery and understanding of new materials and structures.  

Many are looking to nanoscale materials to usher in a new era of electronics. 

The ability to tune and enhance the physical properties of nanomaterials is imperative 

to moving beyond our current capabilities to more advanced technologies.  The focus of 

this work is on doing just that – manipulating atomic building blocks to tune and enhance 

the physical properties of nanomaterials.  The ability to induce and vary chemical 

composition gradients has allowed for the discovery of a new realm of functional 

materials whose physical properties are governed by phenomena that we do not yet 

understand.  In this dissertation we will explore and unveil physical properties and 

phenomena unique to semiconductor nanocrystals with chemical composition gradients.          
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1.2 Semiconductor Nanocrystals 

Semiconductor nanocrystals have been utilized for the past several years due to their 

unique physical properties.
2
  Typically, the optical and electrical properties are governed 

by quantum confinement effects with observed optical and electronic properties tunable 

with nanocrystal size
3,4,5,6,7

 and morphology
8,9,10,3,11

 in binary materials
12

.  For this reason, 

semiconductor nanocrystals have been applied toward  light-emitting diodes
13,14,15

, 

photocatalysis
16,17,18,19

, biological labels
20,21,22,23

 and lasers
24,25

.     

There has been enormous growth and maturity in the field of semiconductor 

nanocrystals since their development more than 20 years ago.  Semiconductor 

nanocrystals—or quantum dots—have demonstrated unique and remarkable size 

dependent physical properties due to the effect of quantum confinement on 

nanocrystals.
26,27,28,29

  Quantum confinement occurs when the size and dimensions of 

semiconductor crystals are restricted to less than or equal to their bulk Bohr exciton (the 

bound state of an electron and hole carrying zero charge
30

) diameter.  Quantum 

confinement may also occur at diameters larger than the Bohr exciton radius, but at a 

different degree.  Increasing structural confinement typically results in increases in the 

band gap energy of the material.  This relationship between crystal size and band gap 

energy allows for the tuning of band gap related absorption and luminescence by 

changing the crystal size.  

Depending on the properties of the material, excitons can be treated in two limiting 

cases:  
1)

 Frenkel excitons and 
2)

 Wannier-Mott excitions.  Frenkel excitons exist in 

materials with small dielectric constants where the Coulomb interaction between the 

electron and hole is typically strong resulting in smaller excitons, of the same order of 
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magnitude as the size of the unit cell.  Binding energies for Frenkel excitions are 

generally between 0.1 and1Ev.  Wannier-Mott excitons are described by a reduced 

Coulomb interation between the electron and hole resulting in a loosely bound exciton 

with a radius larger than the lattice spacing.  These excitons are typical of semiconductor 

materials due their large dielectric constants.  The Wannier-Mott exciton binding energy 

is typically much less than that of the hydrogen atom, on the order of 0.01 Ev. 

For a localized electron-hole pair, the electron and hole interact via the electrostatic 

attraction. As any two –particle system, the exciton motion can be decomposed into two 

parts: a center –of-mass (CM) motion and a relative motion of the two particles about the 

CM.  Since the coulomb interaction depends only on the relative coordinate of the 

electron and hole, the exciton CM behaves like a free particle with mass M=me+mh where 

me and mh are the electron and hole effective masses. The relative motion of electron and 

hole in the exciton is similar to that of the electron and proton inside the hydrogen atom. 

Combining the results for the relative motion and CM motion of the exciton, the energy 

that is necessary to obtain the excited state (exciton energy) 

       
    

  
 
  

  
             

(1.1) 

where gE  is the band gap energy, the second term represents kinetic energy of the 

translation motion that is negligible compared to electrostatic interaction energy, and the 

third term represents the hydrogen-like set of energy levels. 

R

 is the Rydberg constant for exciton defined as 

   

 (      )
 
              (1.2) 
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n is the principal quantum number and k is the exciton vector.  In the hydrogen atom the 

radius of the most probable orbit is called Bohr radius ao (0.53A
.
U). Similarly, the Bohr 

radius of the exciton, 

   
    

 
              (1.3) 

 where μ is the reduced mass of exciton
31

.
 

The situation changes in the case of nanoscale semiconductor particle with size on 

the order of the Bohr exciton radius. The electron hole pair energy levels in quantum dots 

cannot be treated further based on hydrogen model. The exciton levels are given by 

solving the classical quantum mechanical problem of a particle in a box. This size range 

corresponds to the regime of quantum confinement for which electronic excitations feel 

the presence of the particle boundaries and respond to changes in the particle size by 

adjusting their energy spectra. This is known as “quantum size effect”
32

. As the quantum 

dot size decreases, the energy gap increases leading to blue shifts in absorption and 

emission wavelengths. In addition to increasing energy gap, quantum confinement leads 

to a collapse of continuous energy bands of the bulk material into discrete atomic energy 

levels. The discrete structure of energy states leads to dominant features in the continuous 

absorption spectrum of QDs due to symmetry allowed transitions
32

.  Since QDs are more 

closely related to atoms than bulk material because of their discrete, quantized energy 

levels, they have been nicknamed as artificial atoms.  



5 
 

12
 

Figure 1.1  Bulk semiconductor materials have continuous conduction and valence 

energy bands separated by a fixed energy gap. As the size of the material decreases, 

energy bands collapse into more discrete, atomic-like states with energies dependent on 

the particle radius.  The quantum dot (QD) is characterized by the effect of changing 

electronic structure with particle size and the resultant physical properties
32

.   

 

 

The most immediately obvious evidence of quantum confinement in 

semiconductor nanocrystals is the shift in optical absorption and emission spectra with 

size. An absorption event promotes an electron from valence band to conduction band, 

leaving a region of positive charge (hole) in the valence band. The resultant electron-hole 

pair is treated as an exciton due to confinement.  The resultant bound electron-hole pair is 

an example of the particle in a box model in quantum mechanics. The basic model of the 

behavior of system was developed by L. E. Brus et al
33

. To explain the behavior of the 
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electron and hole in this system, Brus’s model makes the following approximations of the 

system: 

1. The nanocrystal is spherical, with a radius of R. 

2. The interior of the nanocrystal is a uniform medium; there are no point 

charges or occupied spaces other than the excited electron and hole (i.e., 

nuclei or bound electrons). 

3. The potential energy outside the nanocrystal is infinite; thus the electron and 

hole are always found within the nanocrystal (i.e., the surface of the 

nanocrystal defines the walls of the “box”)
33b

. 

The Hamiltonian for a free point charge in a nanocrystal is: 

    
  

     
  
           {

   
   

          (1.4)                           

where mc is the effective mass of the point charge and r is the distance from the center of 

the nanocrystal. The solution to the Schrödinger equation in this case is the familiar 

particle in-a-box solution to, modified for the case of a sphere: 

  ( )  
 

 √   
   

   

 
            (1.5) 

   
    

    
 
                       (1.6) 

Qualitatively, equation 1.6 illustrates the particle-in-a-box behavior of 

nanocrystals. As the size of the nanocrystal increases, the energy of electron in the well 

decreases. In reality, creation of an exciton in a nanocrystal involves two charges, the 

electron and the hole. 
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Figure 1.2  Schematic demonstrating the quantum confinement effect in 

semiconductor nanocrystals.  Spatial confinement of carriers directly affect the 

electronic structure of the material.  With decreasing particle size, below that of 

the Bohr exciton radius (shown as circles around particle depictions), blue shift in 

optical properties are observed and associated with widening band gap energies. 

 

The Hamiltonian describing the case of the electron-hole pair is as follows: 

    
  

     
  
  

  

     
  
   ̂(  ̅    ̅)         (1.7) 

 

where Se and Sh are the positions of the electron and hole, respectively, within the 

diameter of the nanocrystal, me is the effective mass of the electron and mh is the effective 

mass of the hole. The potential energy consists of two parts and is assumed infinite for r 

> R. For r < R the first part is the Coulomb attraction between the negatively charged 
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electron and the positively charged hole and the second component is the polarization 

energy. Essentially, a point charge inside a nanocrystal polarizes the crystal. This 

polarization affects the energy of the second charge. Including the polarization effect, the 

total Hamiltonian 

for the electron–hole system in a nanocrystal is : 

    
  

     
  
  

  

     
  
  

  

     |  ̅   ̅|
                    (1.8) 

                  

As the polarization term is small compared to the kinetic and Coulomb energies, a good 

understanding of the lowest-energy excitonic state may be made by omitting this term. So 

an analytical approximation for the first excited electronic state is: 

      
    

   
[
 

  
 

 

  
]  

  

     |  ̅   ̅|
                (1.9) 

In this equation Eg is the band gap energy of the bulk semiconductor, the second term 

describes the energy due to quantum localization and the third term describes the energy 

due to Coulomb attraction between electron and hole.  The Coulomb term shifts E to 

lower energy as 1/R, while the quantum localization term shift E to higher energy as 

1/R
2
.  Thus the apparent band gap will always increase for small enough R – an effect 

that has now been experimentally observed for many different materials.  
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1.3 Surface Passivation for Improved Optical Response 

Several techniques have been employed to produce nanocrystals that demonstrate 

high luminescent efficiency and photostability via enhanced surface passivation by using 

organic and inorganic capping agents
34,35

.  More recently, studies have shown that 

capping or shelling nanocrystals with a different, albeit compatible, inorganic material 

results in increased quantum yields
36,12

, augmented photostability
37

 and blinking 

suppression
38,12

.  These materials are referred to as core/shell nanocrystals.  Core/shell 

materials demonstrate improved, yet less than ideal, optical properties. Though 

passivation of the nanocrystal surface with inorganic materials offers drastic 

improvements, photostability and blinking are still concerns, as well as sub-unity 

quantum yields
39,40

.  The phenomena of enhanced optical properties in these materials are 

thought to be due to the smoothing of the core/shell interface by using like materials 

which also result in a gradually changing energy band diagram which progresses from a 

smaller energy band gap, due to the core material, to a wider energy band gap associated  

with surface structures and stoichiometry.
41

 These nanocrystals were fabricated in the 

same way as typical core/shell materials; the difference lies in the selection and structural 

compatibility of core and shell materials.  The use of similar materials, particularly those 

exhibiting the same crystal structure and only small differences in lattice constant, is 

thought to rectify the issue of carrier trapping in core/shell nanocrystals.  Carrier trapping 

can arise from an abrupt core/shell interface of dissimilar materials and reduce non-

radiative processes which is expected to rectify the deterrents associated with surface 

passivation, surface defects and defects at the core-shell interface
40

.  We anticipate that 

gradient semiconductor nanocrystals will soon outperform traditional core/shell 
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nanocrystals in luminescence efficiency and photostability.  More detailed discussions 

regarding the unique phenomena observed in gradient nanocrystals and their potential 

will ensue in the text to follow. 

 

1.4 Semiconductor Alloys 

Although semiconductor nanocrystals have been deemed promising materials for the 

aforementioned applications, attempts to fabricate nanocrystals with tunable and 

enhanced optical properties continue.  Modifying the size of the nanocrystal is one means 

of tuning their optical properties. Another way would be to adjust constituent 

stoichiometries of alloyed semiconductors.
42,43,44,45

  The alloying of two semiconductor 

materials in the nano-regime produces optical properties that are composition-dependent 

and size-dependent; the product is a material possessing distinct properties than those of 

their bulk, parent semiconductors.  Since the optical properties depend on the constituent 

composition, it is possible to tune the band gap energy while maintaining particle size.
46

  

Alloy nanocrystals can be classified as (1) homogeneous
47,44

, having a uniform internal 

structure or as (2) gradient where alloy compositions and structures are varied 

radially
48,49,50

.  Researchers have been successful in fabricating both types of alloy 

nanocrystals as II-IV
51,42

 and III-V
52,53

 semiconductors. 

 

1.5 Nanocrystal Alloys with Chemical Composition Gradients 

Semiconductor alloys that demonstrate chemical composition gradients are described 

as alloy materials with depth-dependent and progressive stoichiometries.  In the case of 

gradient semiconductor alloys, chemical stoichiometries progressively vary with radius.  
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These materials are similar to multi-layered materials composed of alloys with the same 

atomic components but continually increasing or decreasing atomic ratios per layer.  In 

the case of gradient nanomaterials, these “layers” are close to immeasurable due to the 

Angstrom thin depths and the absence of technology to effectively probe the radially 

fleeting stoichiometries.    

In 2008, Chen et al. reported the synthesis of “giant” nanocrystals of single-

component—CdSe/19CdS and of multi-component—CdSe/11CdS-6CdxZnyS-2ZnS10
54

. 

Though these materials demonstrate suppressed blinking as a result of their multi-shell 

configuration, a 30% reduction in quantum efficiency was also reported.   Also in 2008, 

Bae et al. reported the synthesis and characterization of compositionally gradient 

CdZnSSe nanocrystals with emission intensities of 80%.
48

  Bae et al. also went on to 

demonstrate the functionality of these materials by incorporating the gradient 

nanocrystals into light emitting diodes.
13a

  This work has since been overshadowed by 

Wang et al. in 2009 with reports of non-blinking CdZnSe/ZnSe graded nanocrystals, 

though the quantum efficiency of these nanocrystals were only 50%
55

.  Using electron 

microscopy techniques, McBride et al investigated the correlation between lattice strain, 

surface passivation and quantum efficiencies in multi-shell CdSe/CdS/ZnS nanocrystals 

with quantum efficiencies of 84%
56

.  Though fabricated as core/shell nanoparticles, the 

multi-shell structure along with the choice in compatible materials facilitates gradient-

like configurations resulting in improved photophysical properties.   

There are not many reports describing the differences in physical properties of 

compositionally gradient nanocrystals compared to currently employed configurations 

such as core/shell materials.  Though similar in nature, these materials are a step beyond 
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that of core/shell materials.  In inducing chemical composition gradients, “core” 

materials, which are primarily responsible for the resultant physical properties of the 

gradient unit, are seamlessly encapsulated. The functionality of the gradient unit can not 

only be manipulated by varying the degree of gradation of the material but also in 

appropriately choosing shell materials.  Just as core/shell materials are classified by many 

types, several classifications of gradient materials are possible.  

 

Figure 1.3  Schematic depicting the progression of growth for nanocrystals with chemical 

composition gradients where chemical compositions vary progressively with nanocrystals radius. 

 

1.6      Scope of this Work 

This document depicts the development process for CdSSe semiconductor 

nanocrystals with chemical composition gradients and unveils their unique photophysical 

properties through a series of characterization techniques probing stoichiometries, 

structures, morphologies and optical properties.  Chapter II begins describing the factors 

considered in developing our synthetic technique to manipulate induced chemical 

composition gradients and probe the effects of varying degrees of gradation on the 

resultant photophysical properties.  This chapter continues with a description of synthetic 

procedures employed and techniques used for the characterization of gradient 

nanocrystals.  As-synthesized CdSSe nanocrystals and the results of our experiments are 
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presented in Chapter III.  Discussions regarding the gradient nature of CdSSe 

nanocrystals and the effects of varying synthetic parameters on photophysical properties 

are included in Chapter III.   

Finally, a chapter is presented which summarizes the accomplishments of this 

work; also included are suggestions for its future.  This work was intended to seed future 

studies and discussions regarding the effects of inducing chemical composition gradients 

in alloy materials on the resultant physical properties.  The appendix provides data from 

experiments with additional gradient nanocrystal chemistries.   
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CHAPTER II 

 

EXPERIMENTAL METHODS 

 

2.1 Synthetic Considerations for Nanocrystals with Chemical Composition 

Gradients 

 

 

In this work, we present the synthesis and optical characterization of 

compositionally graded CdSSe nanocrystals.  In producing ternary materials by colloidal 

means, there are several possible routes to induce homogeneity or inhomogeneity in 

chemical composition.  In the work presented by Swafford et al. on the synthesis, 

characterization and growth kinetics of homogeneously alloyed cadmium sulfoselenide 

(CdSxSe1-x), the authors reported an observation in the differences in reactivity of bound 

and unbound sulfur precursors; in particular, sulfur bound by excess tributylphosphine 

compared to elemental sulfur
51

. In comparison, unbound sulfur precursors produced 

homogeneous ternary alloys, and bound sulfur precursors produced an inhomogeneous 

ternary structure with a composition gradient. The ratio of the rates of addition of sulfur 

and selenium is proportional to the rates of concentrations of sulfur and selenium: 

       

  
        

  

 
         

          
 

     

      
            (2.1) 

where AS is an available anion binding site and k1 and k2 are rate constants. Bound sulfur 

precursors facilitated delayed incorporation of sulfur into the nanocrystal matrix, 

resulting in materials with gradually increasing concentrations of sulfur. Here, we make 

use of this synthetic approach which exploits the differences in reactivity of each anionic 
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precursor where k1 ≠ k2 and [S] ≠ [Se].  We also consider the Arrhenius equation which 

describes the temperature dependence of rate constants and  

    
   

  ⁄               (2.2) 

where A is the prefactor related to the frequency of molecular collisions,    is the 

activation energy and R is the universal gas constant. Variation in growth temperature to 

alter the degree of gradation and changes in optical properties in compositionally graded 

nanocrystals is also reported.   

There are many parameters associated with colloidal techniques capable of 

disturbing the anticipated effect of inhomogeneity of a ternary alloy which we have taken 

into consideration. The hot-injection method is typically performed by injecting precursor 

materials at an elevated temperature followed by growth at a significantly lower 

temperature
57

.  To avoid alloyed nucleation, injection of precursors and growth were 

carried out at the same temperature.  Furthermore, to avoid fluctuations in temperature 

due to injection, high concentration precursors were used to decrease the volume size of 

injection fluids and reduce temperature perturbations during the reaction.  

Materials. Cadmium oxide (CdO, 99.99%), zinc acetate 15ehydrate [Zn(Ac)2 ·2H2O, 

99.99%], lead acetate trihydrate [Pb(Ac)2 ·3H2), 99.999%], oleic acid (OA, 90 %), 

octadecene (ODE, 90%) and tri-n-butylphosphine (TBP, 93%) were purchased from 

Sigma Aldrich. Elemental selenium (Se, 99.99%) was purchased from Strem. Sulfur 

powder (USP sublimed) was purchased from Fisher Scientific. A concentrated selenium 

stock solution (2 M) was prepared by dissolving 1.58 g of Se in 10 Ml of TBP.  The 

sulfur stock solution was prepared by dissolving 0.64 g of sulfur in 10 Ml of TBP. Both 
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stock solutions were diluted to 0.75 M in ODE. Injection solutions were prepared by 

mixing the desired ratio of both S and Se stock solutions. 

 

2.2 Nanocrystal Synthesis 

 

 2.2.1 CdSSe Nanocrystals 

The synthesis of compositionally graded CdSSe nanocrystals
58

 was carried out by 

loading 1 mmol of CdO, 4 mmol of OA and 20 Ml ODE into a 100 Ml, 3-neck round 

bottom flask and heating to 220°C under argon flow.  With heating, a colorless Cd-oleate 

complex is formed.  Mixed injection solutions of 0.8x Ml of 0.75 M Se: TBP in ODE and 

0.8(1- x) Ml of 0.75M S: TBP in ODE, both with 60% TBP, were then injected into the 

flask. Nanocrystals were allowed to grow for up to 2 hours, and then cooled to below 

100°C. During growth, aliquots of the CdSSe nanocrystals were taken at varying time 

intervals.  A mixture of butanol and ethanol were used to precipitate the synthesized 

nanocrystals and the mixture was centrifuged for 20 minutes at 7500 rpm.  Subsequent 

cleaning was performed by suspending the nanocrystal pellets in hexanes, and then 

precipitating with the addition of ethanol. Mixtures were then centrifuged for 5 minutes at 

10,000 rpm. This cleaning step was repeated three times. Nanocrystals were then 

dispersed in hexanes. Rutherford backscattering spectroscopy was used to probe the 

discarded supernatant and confirmed that the cleaning procedure used was sufficient to 

remove the remaining precursor materials.  An image of the synthesis set up is shown in 

Figure 2.1. 
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Figure 2.1  Image of nanocrystal synthesis setup.  The 3-neck flask was seated atop a stir 

plate inside a heating mantle, heated to the appropriate reaction temperature.  Reaction 

temperatures are varied by using a digital temperature controller, which is connected to 

the heating mantle, to set the desired temperature.  A thermocouple is also attached to the 

temperature controller and inserted into the reaction flask to monitor the temperature of 

the solution.  A stir bar was placed inside the flask and stirred rapidly to help maintain a 

uniform temperature throughout the solution, as well as uniform concentration of 

reactants.  A rotary evaporator, bump trap is inserted into the center neck of the reaction 

flask and is attached to an argon bubbler to allow the nanocrystal synthesis to occur in an 

environment free of water and oxygen.  The remaining neck is fitted with a rubber 

septum to close off the reaction to the external environment and maintain synthesis 

conditions.  This neck is also utilizing during anionic precursor injections via syringe. 
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 2.2.2 CdZnSe Nanocrystals 

The synthesis of compositionally graded CdZnSe nanocrystals was carried out by 

loading 0.5 mmol of CdO, 0.5 mmol Zn(Ac)2 · 2H2O,  4 mmol of OA and 20 Ml ODE 

into a 100 Ml, 3-neck round bottom flask and heating to 240°C under argon flow.  With 

heating, colorless metal oleates Cd and Zn were formed.  A 1 Ml injection solution 0.75 

M Se: TBP in ODE with 60% TBP was then injected into the flask. Nanocrystals were 

allowed to grow for 2 hours and 20 minutes then cooled to below 100°C. Aliquots of the 

growing CdZnSe nanocrystals were taken at varying time intervals.  A mixture of butanol 

and ethanol were used to precipitate the synthesized nanocrystals and the mixture was 

centrifuged for 20 minutes at 7500 rpm.  Subsequent cleaning was performed by 

suspending the nanocrystal pellets in hexanes, and then precipitating with the addition of 

ethanol. Mixtures were then centrifuged for 5 minutes at 10,000 rpm. This cleaning step 

was repeated three times. Nanocrystals were then dispersed in hexanes. Rutherford 

backscattering spectroscopy was used to probe the discarded supernatant and confirmed 

that the cleaning procedure used was sufficient to remove the remaining precursor 

materials.  More on this material can be found in the Appendix A1. 

 

 2.2.3 CdPbSe Nanocrystals 

CdPbSe nanocrystals were synthesized by loading 0.5 mmol of CdO, 0.5 mmol 

Pb(Ac)2 · 2H2O,  4 mmol of OA and 20 Ml ODE into a 100 Ml, 3-neck round bottom 

flask and heating to 225°C under argon flow.  Colorless metal oleates Cd and Pb were 

formed.  A 1 Ml injection solution 0.75 M Se: TBP in ODE with 60% TBP was then 

injected into the flask. Nanocrystals were allowed to grow for 2 hours and 20 minutes 
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then cooled to below 100°C. Aliquots of the growing CdPbSe nanocrystals were taken at 

varying time intervals.  A mixture of butanol and ethanol were used to precipitate the 

synthesized nanocrystals and the mixture was centrifuged for 20 minutes at 7500 rpm.  

Subsequent cleaning was performed by suspending the nanocrystal pellets in hexanes, 

and then precipitating with the addition of ethanol. Mixtures were then centrifuged for 5 

minutes at 10,000 rpm. This cleaning step was repeated three times. Nanocrystals were 

then dispersed in hexanes. Rutherford backscattering spectroscopy was used to probe the 

discarded supernatant and confirmed that the cleaning procedure used was sufficient to 

remove the remaining precursor materials.  More on this material can be found in the 

Appendix A2. 

 

2.3 Characterization Techniques 

 

 2.3.1 Size and Morphology 

Due to the inherent effects of morphology and size on the optical properties of 

nanocrystals, it was imperative to first determine the sizes and shapes of synthesized 

materials.  High-resolution transmission electron microscopy (HR-TEM) was used to 

image the nanoscale materials.  In this technique, a beam of electrons is transmitted 

through an ultra-thin sample and interacts with the sample as the beam conveyed.  Due to 

this, an image is formed and detected.  For these experiments, images were collected by a 

charge-couple device (CCD) camera in which the movement of electrical charge is 

manipulated and converted into a digital image. 
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TEMs are capable of producing high resolution images of nanocrystalline materials 

owing to the small de Broglie wavelength of electrons.  This enables observation of fine 

detail – even as small as rows of atoms, which make up fringe patterns visible in TEM 

images of nanocrystalline materials, and even a single column of atoms on the Angstrom 

scale.  The contrast visible in TEM images is due to absorption of the electrons in the 

material as a result of the thickness and composition of the sample. 

High resolution transmission electron microscopy (HR-TEM) was performed using a 

Philips CM20 TEM operating at 200Kv. HR-TEM samples were prepared by drop 

casting clean nanocrystals suspended in hexanes onto an ultrathin carbon-on-Formavar 

TEM grid (Ted Pella, Inc.).  Images were used to observe morphology and the 

dispersivity of the nanocrystals.   

 

 2.3.2 Crystal Structure 

Crystalline structures of compositionally graded nanocrystal samples were 

determined using powder X-ray diffraction (XRD).  This technique is based on 

observations of scattered intensities of an x-ray beam impinging on the sample as a 

function of incident angle and scattering angle, polarization, and wavelength.  This 

technique is typically employed to investigate the crystalline structure of materials with 

long-range order (i.e. bulk materials).  Because of their small size, nanocrystals are 

considered to have short range order and produce increasing values of the breadth of the 

diffraction peaks are observed with decreasing nanocrystal diameters.  Paul Scherrer 

describes the breadth of a diffraction peak as being the width of the peak maximum at 
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half its height.  The breadth of a diffraction peak is also affected by the size distribution 

of the crystallites, or the range of order (equation 2.3). 

  
 

     
               (2.3) 

where ε is the apparent crystallite size, λ is the radiation wavelength, β is the line 

broadening at half maximum intensity (radians) and θ is the Bragg angle.  The ‘true’ size 

(p) of the crystallite is given by 

                  (2.4) 

where K is a dimensionless number, known as the Scherrer constant, dependent on the 

crystallite shape and crystallite-size distribution
59

.  For spherically shaped crystallites, 

         .
59

 

XRD spectra were acquired using a Scintag X1 θ/2θ automated powder X-ray 

diffractometer with a Cu target (λ = 1.54056 Ǻ), a Peltier-cooled solid-state detector, and 

a zero-background, Si (5 1 0) substrate.  Once cleaned, nanocrystals were suspended in 

hexanes solutions and drop cast onto the Si substrate for analysis.   

 

 2.3.3 Elemental and Stoichiometric Analysis 

Rutherford backscattering spectrometry (RBS), or sometimes referred to as high-

energy ion scattering, is an analytical technique used in materials science to determine the 

structure and composition of a sample by measuring backscattered ions of high energy 

impinging on the sample.  This technique can be described as one that measures elastic 

collisions between and incident beam of high kinetic energy particles and the stationary 

particles of the sample.  RBS is an extremely sensitive analytical technique in that it is 

capable of detecting the presence of atoms in picomolar quantities
60

.  For this reason, it 
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was imperative to thoroughly clean nanocrystal samples to remove excess ligands and 

unreacted precursors. 

RBS was achieved with a custom-built particle accelerator.  Using a 2.0 MeV Van 

de Graaf generator, a gas source of helium was ionized and energized to provide the 

incident beam of 
4
He ions.  Experiments were performed in a high vacuum chamber 

(<10
-6

 torr) with 
4
He ions accelerated with energies of 1.8 MeV at normal incidence.  

This is depicted in the schematic shown in Figure 2.2.  The 
4
He ion beam was then 

directed down the beam line with magnets and through a 2 mm aperture to the target.  A 

current around 10 Na, measured at the target, was maintained throughout the experiment 

to ensure sufficient data collection.  Samples were prepared by drop casting a hexanes 

solution of nanocrystals onto the surface of a pyrolytic, graphite substrate produced by 

Carbone of America.  Backscattered ions were collected at an angle of 176°.  Resultant 

data was of the form of the number of backscattered ions (counts) as a function of 

energies of the backscattered ions (channel).  This experiment displayed Poisson counting 

statistics where the error in the number of counts was equivalent to the square root of the 

number of counts
61

.  A typical RBS spectrum can be seen in Figure 2.3.  A spectrum of a 

bismuth standard is taken at the beginning of the experiment for later analysis.  Analysis 

of the elemental composition of the nanocrystals was performed according to Feldman et 

al.
62
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Figure 2.2  Schematic depicting RBS analysis technique. 

 

 

 

Figure 2.3  Typical spectrum obtained from RBS for semiconductor nanocrystals.  The 

x-axis represents channel number which is proportional to the energy of backscattered 

ions. 
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Areal densities of the isolated Gaussian peaks of resultant RBS spectra were determined 

using the following equation (2.5): 

   
(  )(   )(   ) 

( )( )(
 

  
)
 
(  )

            (2.5) 

where N (
     

   
) is the areal density; A is the area under the peak; DTR is the dead time 

ratio, calculated by dividing the ‘true time’ by the ‘live time’ particular to each 

experiment (DTR > 1);     is the bismuth correct factor which is assumed to be 1; e is the 

fundamental charge of an electron in Coulombs; Q is the integrated charge in Coulombs, 

particular to each experiment; Ω is the detector solid angle in steradians, determined 

using the bismuth standard; (
 

  
)
 
is the non-Rutherford correction factor which corrects 

for deviations of the cross-sections due to the influence of the nuclear force at high 

energies (non-Rutherford scattering or forward scattering) and is described by equation 

2.6, 

(
 

  
)
 
   

           

 
 

    
            (2.6) 

where Zion is the atomic number of the backscattered ion and Zx is the atomic number of 

the target element, and Elab is the energy of the ion beam in keV (here, Elab = 1800 keV); 

   is the Rutherford cross-section for element x and calculated using the following 

equation (2.7): 

   
(  ) 

    
                              (2.7) 

and (  )  is the differential cross-section in the laboratory system for element x and 

given by equation 2.8, 
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        (2.8) 

where mion is the mass of the backscattered ion and mx is the mass of the target element, 

and θ is the backscatter angle (here, θ = 176°). 

Equation 2.4 was arranged to solve Ω based on the RBS spectrum obtain for the bismuth 

standard.  The detector solid angle was calculated by using the known value for the areal 

density of the standard (           
   

     

   
), using experimental values for DTR 

and ABi , and including the bismuth mass and atomic number where appropriate.  The 

value for Ω was then used to calculate areal densities from RBS spectra of nanocrystal 

samples.    

Considering that equations 2.5 and 2.7 rely on the mass and atomic number of 

element x, it is necessary to correctly identify elemental peaks in the obtained RBS 

spectra.  To do so, the linear relationship between channel numbers (along the x axis) and 

energies of backscattered ions was utilized.  Channel numbers had to be converted to 

energy values.  The following equation (2.9) represents the linear relationship between 

channel number (   ) and energy I:     

                     (2.9) 

Having some knowledge of the elemental components of the sample, two peaks of the 

RBS spectrum were identified (i.e. the heaviest element used during synthesis and the 

leading edge of the carbon plateau, associated with the graphite substrate).  Kinematic 

factors (  ) for each element were calculated using equation 2.10, 
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         (2.10) 

and corresponding energy values were determined using equation 2.11, 

   
  

    
                       (2.11) 

where    is the energy of the ions backscattered by element x.  Once the kinematic 

factors and corresponding energies are identified for the known elements, the slope of the 

line (m) and y-intercept (b) could be calculated and the linear relationship (Eq. 2.8) 

particular to each RBS spectrum established for identification (or verification) of 

elements present in each sample. 

 

 2.3.4 Photophysical Properties 

Absorption spectroscopy was used to gauge the absorption of radiation of 

nanocrystal samples as a function of wavelength.  A generated beam of radiation is 

directed at the sample and transmitted radiation is detected.  The obtained absorption 

spectrum is the fraction of incident material absorbed over a range of wavelengths.  

Absorption spectra were obtained with a Varian Cary 5000 UV-Vis-NIR 

spectrophotometer.  Cleaned nanocrystal solutions were injected into a glass cuvette with 

a 1-cm path length for absorption and photoluminescence experiments. 

Resultant absorption spectra for nanocrystal samples contain at least one initial 

excitonic peak and continue towards shorter wavelengths with increasing optical 

densities.  For direct band gap semiconductor materials, this initial absorption peak 

represents the longest wavelength (or lowest energy) of initial photoexcitation, where 

electrons in the sample are excited due to the absorption of energetic photons.  Relaxation 
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of the electrons from their excited state results in the emission of longer wavelength (or 

lower energy) photons.  Emissions are observed in photoluminescence experiments, as 

described below.   

Photoluminescence occurs when an electron is promoted to a higher energy state 

by photon absorption and then returns to a lower energy state with emission of a photon.  

Due to the unique optical properties exhibited by semiconductor nanocrystals, 

photoluminescence has become a critical characterization tool in studying the physical 

properties of quantum dots.  Photoluminescence excitation is a complimentary technique 

that gauges the electronic structure of the sample, in which the wavelength of excitation 

is varied while the typical emission wavelength for the sample is monitored.  

Photoluminescence excitation spectra often mimic absorption lines of the sample.  

Photoluminescence (PL) and photoluminescence excitation (PLE) spectra were obtained 

using a Jobin Yvon Fluorolog-3 instrument, immediately following absorption 

spectroscopy measurements.  Nanocrystal solutions with optical densities in the range of 

0.8 – 1.0 were used for PL and PLE experiments. 

Quantum yield values were obtained using the following equation 2.12: 

     
 

  

   

  

  

  
            (2.12) 

where Q is the quantum yield, I is the integrated intensity of the emission peak, OD refers 

to the optical density of the measure sample and n is the index of refraction.  The 

subscript R denotes a reference fluorophore of known quantum yield.  Rhodamine 6G 

(QR = 94% in methanol)
63

 was used as a reference for quantum yield calculations of 

CdSSe gradient nanocrystals.  Excitation wavelengths of both sample and reference were 
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identified by observing common absorption wavelengths and equivalent optical densities. 

The ideal optical material has a quantum yield of 1 (or 100%).   
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CHAPTER III 

 

RESULTS AND DISCUSSION 

 

3.22 Alloyed CdSSe Nanocrystals with Chemical Composition Gradients 

 

3.22.1 Stoichiometric Variances in CdSSe Nanocrystals 

RBS was used to gauge progressions in stoichiometric ratios of elemental 

components in CdSSe nanocrystal samples throughout growth.  As depicted in Figure 

3.1a, Cd compositions remained relatively constant and in excess
64

 throughout growth, 

whereas Figure 3.1b demonstrates progressive incorporation of S into the nanocrystal 

structure.  These materials crystallize with CdSe cores and gradually integrated S with 

growth time.  Figure 3.1c illustrates this growth mechanism.   

3.22.2 Nanocrystal Structure and Morphology 

The crystal structure of these materials has been determined by data shown in 

Figure 3.2a; CdSSe nanocrystals crystallize in the zinc-blende structure.  Peaks of the 

XRD spectra representing compositionally graded CdSSe nanocrystals are inbetween that 

of zinc-blende CdSe and zinc-blende CdS.  These results are similar to XRD spectra of 

core/shell nanocrystals
65

, which are an intermediate between the core and the shell, and 

that of pseudobinary alloys
51

 which exhibit spectra between that of relative binary 

structures. Figure 3.2b depicts the divergence of calculated lattice constants (a) from that 
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of the dominant crystal structure, bulk CdSe at a = 6.050 Å.  Lattice constant values were 

calculated from the (1 1 1), (2 2 0) and (3 1 1) diffraction peaks with increasing S  

 

 

Figure 3.1 RBS analysis of nanocrystal stoichiometry as a function of growth time for 

CdSSe nanocrystals.  Graphs depict changing chemical composition of (a) Cd
64

 and (b) S 

and Se with growth time.  The gradual increase in sulfur content with growth time 

indicates that these CdSSe nanocrystals are grown with a chemical composition gradient 

where there is a Se-rich core and S-rich shell. (c) Schematic of proposed growth of 

CdSSe nanocrystals with a chemical composition gradient.
58
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stoichiometries.  This data also demonstrates distortions in the unit cell of the 

compositionally graded nanocrystals with increasing S concentrations, resulting in a 

modified cubic, zinc-blende structure.  Lattice constants calculated using diffraction data 

based on the (1 1 1) diffraction peak show a gradual decrease whereas lattice constant 

calculations based on the (2 2 0) and (3 1 1) diffraction peaks demonstrate an initial 

increase then decrease in lattice constant values. These observations deviate from the 

typical behavior of semiconductor alloys characterized by Végard’s law
66,67

 which states 

that lattice constants change linearly with composition.  Figure 3.3 is included as a visual 

description of the atomic arrangement for the zinc blende structure and to depict the 

atomic arrangement for the aforementioned diffraction planes.  In early stages of growth, 

anomalous diffraction peaks are observed (Figure 3.4a) which are not associated with 

bulk CdSe or bulk CdS but may be a feature due to distorted surface atoms in ultrasmall 

nanocrystals.  This peak diminishes with longer growth times. Similar, non-indexed 

peaks are observed in the literature for ultrasmall, CdSe nanocrystals
68

.  Considering 

surface atoms are dominant in ultrasmall nanocrystals, the anomalous peak may be a 

feature of, and further evidence to, distorted crystal structures on the surface of these 

nanocrystals.  With progression in growth time, the emergence of another diffraction 

peak is evidenced in Figure 3.4b.  Although not a direct correspondence to bulk CdS, this 

peak is suspected to be due to the S-rich surface of the compositionally graded CdSSe 

nanocrystals and indicative of the progression towards a CdS surface with continued 

growth.  The divergence of this peak from bulk CdS XRD spectra is likely due to lattice 

strain associated with the nano-sized (or sub-nano) thickness of the alloyed layers that 

construct the gradient nanocrystals.  Figure 3.5 depicts non-uniform variances in fwhm of  
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Figure 3.2  (a)  XRD spectra of CdSSe nanocrystals with growth time.  The spectra 

characterize a zinc-blende structure.  (b)  Plot depicting structural fluctuations in 

compositionally graded CdSSe nanocrystals based on lattice constants calculated from 

the (1 1 1) [■], (2 2 0) [●] and (3 1 1) [▲] diffraction peaks with increasing sulfur 

concentrations.
58
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x-ray diffraction peaks with increased growth time.  This effect is referred to as line 

broadening.
69

  This occurrence is likely due to non-uniform strain
70,71

 associated with the 

inhomogeneous chemical composition.   

High resolution transmission electron microscopy (HR-TEM) was used to 

determine nanocrystal sizes and morphology of as-synthesized CdSSe nanocrystals with 

chemical composition gradients (Figure 3.6).  Aliquots taken after ~10s are 

approximately 1.6 nm in diameter with a 6% size distribution.  Aliquots taken at 5 and 10 

minute intervals are approximately 3.5 nm in diameter with 12.3% and 11.25% size 

distributions, respectively.  Subsequent time intervals produced 4.1 nm nanocrystals with 

size distributions in the range of 11.6% - 14.5%.  Figure 3.7 depicts the relationship 

between growth time, nanocrystal diameter, size distribution and sulfur concentration.   
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Figure 3.3 (a) Depiction of the binary zinc blende structure with a 1:1 anion to cation ratio.  Cross-sections of the (1 1 1) [b], (2 0 0) 

[c] and (3 1 1) [d] planes are also shown.  
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Figure 3.4 (a) In early stages of growth, anomalous diffraction peaks are observed which 

are not associated with bulk CdSe or bulk CdS but may be a feature due to distorted 

surface atoms in ultrasmall nanocrystals. (b) Diffraction peaks emerging in later stages of 

growth are attributed to the (2 2 0) diffraction peak of CdS.
58
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Figure 3.5 Comparison of fwhm measurements with growth time of the 3 primary 

diffraction peaks: peak #1 (1 1 1) [■], peak #2 (2 0 0) [●] and peak #3 (3 1 1) [▲].
58
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Figure 3.6  High resolution transmission electron micrographs of CdSSe nanocrystals with a chemical composition gradient, grown at 

T = 220°C with the following growth times:  (a) 10 s, (b) 5 min, (c) 10 min, (d) 20 min, I 40 min, (f) 60 min, (g) 90 min and (h) 120 

min, with size distributions in the range of 11.25% - 14.50%.  All scale bars represent 10 nanometers in length.  
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Figure 3.7  (a) High resolution transmission electron micrograph of ashperical CdSSe nanocrystals with a chemical composition 

gradient, grown at T = 220°C with a growth time of 120 min. Nanocrystals are approximately 4.4 nm in diameter with a size 

distribution of 14.50%. (b) Graph representing nanocrystal diameters [■] with increasing sulfur concentrations and the corresponding 

size distributions [▲].
58
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3.22.3 Photophysical Properties 

Absorption spectra obtained for the compositionally graded CdSSe nanocrystals 

with growth time are shown in Figure 3.8.  The spectral shape and first absorption peak 

of the absorption spectrum for the 10 s sample, taken almost immediately after injection, 

is consistent with that of ultrasmall CdSe nanocrystals.
14b, c

  This supports the idea that 

the growth of compositionally graded CdSSe nanocrystals progresses from CdSe 

nuclei.
72,73

  As growth continues, the CdSSe nanocrystals exhibit red-shifted absorption, 

which eventually becomes stagnant prior to the termination of the synthesis.  Though we 

observed changing S:Se ratios with growth time, analysis of the absorption spectra with 

growth time suggest that the compositionally graded CdSSe nanocrystals stop growing 

prior to terminating the reaction at 120 min.   

 

Figure 3.8  (a) Absorption spectra of CdSSe compositionally graded nanocrystal samples 

taken periodically during growth.  
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Alloys often exhibit optical properties that vary nonlinearly and are described by 

the following quadratic approximation (equation 3.1): 

  (         )     (   )  (   )  (    )    (   )       (3.1) 

where b is the bowing parameter
74,75

 and describes the degree of nonlinearity.  The 

following equation corrects for the influence of structural confinement on the optical 

properties of alloy nanocrystals. 
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(3.2) 

where d is nanocrystal diameter and a and c are empirical fit parameters.  Nonlinearity 

observed in the optical properties of alloys are associated with the following factors:  (1) 

distorted lattice constants, (2) deformation of electron distribution due to the differences 

in electronegativity of constituent atoms, and (3) variations in anion – cation bond 

lengths.  The case of compositionally graded CdSSe is a bit more complicated.
74-75

   

Band gap as a function of composition is plotted in Figure 3.9 and compared to band gap 

approximations for bulk and nanocrystal alloys using equations 3.1 and 3.2. Values for 

bowing parameter and the empirical fit parameters for the approximations were taken 

from the work of Swafford et al.
51

 A quadratic fit is obtained for band gap as a function 

of time. The relationship is found in equation 3.3
58

, 

    [  (     )   ]  (   )[  (      )   ]    (   )      (3.3) 

where A and C are empirical fit parameters which have numerical values of -0.88 Ev and 

0.53 Ev respectively. The bowing parameter for the compositionally graded CdSSe 

nanocrystals synthesized at T = 220°C is 1.09.  Considering the optical properties of 
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gradient nanocrystals are not as strongly dependent on particle size as with homogeneous 

alloys, the relationship described in equation 3.3 is void a size parameter.  

 

 

Figure 3.9  Band gap as a function of composition [♦] of compositionally graded CdSSe 

nanocrystals compared to band gap approximations for bulk semiconductor alloys [■] 

and semiconductor alloy nanocrystals [●].
58

 

 

 

The departure of electronic structure of the compositionally graded CdSSe 

nanocrystals from the quadratic relationship presented for homogeneously alloyed 

semiconductor nanocrystals in equation 3.2 is depicted in Figure 3.10
51

.  As shown in 

Figure 3.10, the correlation between particle size and band gap does not fit the 

approximation for homogenous alloys of CdSxSe1-x.  Nonlinearities in the electronic 
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structure and optical properties of CdSSe nanocrystals are due to radially varying 

compositions which would produce non-uniformities in electron distributions, distortions 

in lattice constants and anion – cation bond lengths.  Due to the heavier concentration of 

the more electronegative sulfur atoms towards the surface of the nanocrystal, we would 

expect higher concentrations of carriers in surface regions of the compositionally graded 

nanocrystals.     

Distortions of lattice constants occur with the gradual introduction of sulfur as 

well.  Sulfur has a smaller ionic radius than selenium, which would cause compressive 

strain on the crystal lattice of CdSSe with radial increases in length.  In addition, anion – 

cation bond lengths would vary radially.  These parameters facilitate widening of band 

gaps with radial length, similar to type-I core/shell materials but different from the abrupt 

interface associated with a two-step synthesis where core and shell materials are 

synthesized successively.  And similar to core/shell materials, spatial confinement of 

carriers is primarily due to the spatial distribution of charges
39

.  In the case of 

compositionally graded CdSSe nanocrystals, nanocrystal size has minimal effect on 

observed optical properties.  Optical characteristics of these materials are governed by 

chemical composition gradients.  

Aliquots taken immediately after injection demonstrate broad, white-light 

emissions shown in the inset of Figure 3.11a with a Stokes shift of 87 meV from the blue 

peak.  This suggests that the growth of compositionally graded CdSSe progresses from 

ultrasmall CdSe nanocrystal cores.  Bowers et al observed white light emissions from 

CdSe nanocrystals due to the extreme ratio of surface atoms to core atoms.
14c

  Also in 

Figure 3.11a, PL spectra for compositionally graded CdSSe are shown with growth time.  
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Photoluminescence spectra are characterized by single, narrow peaks void of emissions 

associated with surface trap states or charging
76

.  Figure 3.11b illustrates the narrow 

aspect of PL emissions from compositionally graded CdSSe.  Although the size 

distribution of these nanocrystals broadens with growth time, the narrow emission  

observed in the PL of compositionally graded nanocrystals demonstrates uniformity in 

the optical properties. Size dispersions have negligible effect on the resultant optical 

properties of the gradient nanocrystals. Stokes’ shifts for the gradient CdSSe nanocrystals 

were in the range of 38 meV – 54 meV.  Absorption and PLE spectra of gradient alloys 

grown for 2 hours are shown in Figure 3.12. 

A progressive change in spectral shape is also observed with increased growth 

time and increasing S concentrations.  These changes are associated with peak 

broadening.  Emission spectra for CdSSe compositionally graded nanocrystals grown for 

1 hr, 1.5 hrs and 2 hrs, along with corresponding deconvolved spectra, are presented in 

Figure 3.13.  Typically, with binary semiconductor nanocrystals or homogeneous alloyed 

nanocrystals, peak broadening would also be associated with a polydispersion in 

nanocrystal size.  Governing quantum confinement effects would be dramatically 

dependent on crystal diameter and the resultant PL spectrum would be a convolution of 

emissions from nanocrystals luminescing at different wavelengths.  Previous discussions 

on the absorption and photoluminescence of these materials have described the optical 

properties of the CdSSe gradient nanocrystals as being independent of particle size.  An 

increase in particle size of gradient CdSSe has a negligible effect on the resultant optical 

properties.  Instead, the optical properties of gradient CdSSe nanocrystals are governed 
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by their radially dependent crystal arrangement.  Variations in spectral shape observed in 

the emission of gradient CdSSe nanocrystals are not due to broadening size dispersions. 

It can also be argued that with increased growth times, nucleation and growth of binary 

CdS occurs and observed photoluminescence spectra are convolutions of emitting CdSSe 

nanocrystals and CdS nanocrystals.  This hypothesis is somewhat supported by the 

emergence of the (2 2 0) diffraction peak of CdS in XRD spectra (Figure 3.3b) with 

increased growth times.  However, the bulk band gap energy for CdS is 2.53 Ev
77

 (or 491 

nm) which, with quantum confinement effects, would result in the CdS nanocrystal 

luminescing at larger energies and shorter wavelengths than what is reported.      

We have not yet developed a working theory to describe the emergence of the 

surplus photoluminescence peaks.  This phenomenon was initially thought to be due to 

biexciton emission.  Biexcitons have been observed due to the following occurences:  1)
 

excitation from a single-exciton band to the biexciton band, 2) two-photon absorption  of 

light from the ground state to the biexciton state and 3) luminescence from a biexciton 

state from two free excitons in a dense exciton state
78

. Semiconductor nanocrystals with 

chemical composition gradients are described by having a smooth potential energy 

diagram which depicts a progression from discrete energy levels
48, 50, 55

, typical of binary 

semiconductor nanocrystals,  homogeneously alloyed nanocrystals and core/shell 

particles.  Valence and conduction bands are likely to consist of more closely spaced 

energy levels as opposed to being continuous, as in bulk materials.  Once forbidden  

transitions are now made available due to gradually changing chemical composition and 

crystal structure which could allow for at least three possible outcomes:  1) 

monochromatic photoexcitation of the gradient nanocrystals promotes electrons to the 
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same excited state, followed by relaxation to different yet closely spaced energy levels 

prior to emission, resulting in multi-wavelength emissions; or 2) photon absorption in 

gradient nanocrystals promotes electrons to different, yet closely spaced , excited states 

followed by relaxation and emission of photons with varying energies; or 3) a 

combination of both 1 and 2.  Each proposed outcome is possible with two-photon 

absorption.  Wang et al. observed tri-peak emissions thought to be due to the presence of 

trions as a result of the induced composition gradient
55

.  An experiment probing the 

photoluminescence of a single particle could prove or disprove this theory.  

Quantum yield (QY) values with growth time are plotted in Figure 3.14.  Values 

up to 67% are reported here for Qys of compositionally graded CdSSe nanocrystals with 

1:1 S to Se precursor ratios.  Radial variances in composition and lattice constants in 

CdSSe nanocrystals produce increased values of QY with increasing growth times.  

Higher concentrations of sulfur atoms toward the surface of CdSSe nanocrystals results in 

carrier confinement towards the core, similar to type-I core/shell nanocrystals, and 

increased emission intensities
39

.  Enhancements in QY may also be due to reduced non-

radiative processes and increased radiative transitions as a result of the compositionally 

graded structure configuration
48

.  Images of UV-illuminated samples of compositionally 

graded CdSSe are shown in Figures 3.14a-c to demonstrate the observable change in 

intensity with growth time.  Figure 3.14c is a monochromatic image of the UV-

illuminated sample which is intended to demonstrate the intensity of emissions. 

Optical characteristics of these materials are governed by chemical composition 

gradients which are directly related to the resultant spatial charge distributions.
55

  We 

propose a phenomenon in which carriers are confined at some depth below the surface of 
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the nanocrystal by an energy barrier resulting from increasing concentrations of charge 

moving radially outward.  The depth of confinement is directly related to the radial 

variances in structure and stoichiometry and its effect on the induced electron distribution 

of the nanocrystal. For this synthetic approach, the radially varying S: Se ratio is the 

result of disparate anionic precursor rate constants, k1 and k2. 

 

 

 

Figure 3.10  Graph representing values associated with the size-dependent, quadratic 

expression for band gap energy calculations for homogeneously alloyed CdSxSe1-x 

nanocrystals
51

.  Data for both compositionally graded CdSSe [▲] and homogenously 

alloyed CdSxSe1-x [●] are compared to demonstrate the departure of the optical properties 

of compositionally graded CdSSe from this approximation. 
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Figure 3.11  (a) Normalized PL spectra of compositionally graded CdSSe nanocrystals 

with growth time. Inset: PL of aliquot taken immediately after injection and exhibiting 

broad emissions.  (b) Full width at half maximum (FWHM) values of PL peaks plotted 

versus growth time.
58
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Figure 3.12  Absorption (solid line) and PLE (broken line) spectra of gradient CdSSe 

nanocrystals grown for 2 hrs. 
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Figure 3.13  Deconvoluted, asymmetrical PL peaks of CdSSe (T = 220°C) grown for 1 

hr, 1.5 hrs and 2 hrs.  ΔXX describes the distance between the two deconvoluted peaks 

associated with the photoluminescence spectrum for each growth time. 
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Figure 3.14 Photographs of CdSSe nanocrystals with a chemical composition gradient (a) under ambient light, (b) with UV 

illumination and (c) a monochromatic image of UV illuminated nanocrystals with increasing growth time from left to right. (d) 

Quantum yield as a function of growth time.
58
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3.23 Temperature Dependent Gradation 

To further elucidate the effects of the degree of gradation on the optical 

characteristics, additional syntheses were carried out at the following temperatures:  

150°C, 240°C, 260°C and 315°C.  Considering the relationship between reaction rate and 

temperature described in equation 2.2, we anticipated variances in precursor reaction 

rates with changing synthesis temperatures.  Elevated temperatures facilitated more rapid 

reaction rates of both S:TBP and Se:TBP precursors, altering resultant anionic 

stoichiometries.  Figure 3.15 shows the variations in sulfur concentration of the gradient 

nanocrystals with growth time and due to modified synthesis temperatures.  

The S:TBP precursors were not activated during synthesis at T = 150°C and 

produced nanocrystals void of sulfur.  From this point forward, the discussion will be 

restricted to ternary materials produced by these syntheses.  Once S precursors are 

activated in the T = 315°C syntheses, anionic ratios remain fairly constant with 

increasing growth times, similar to that of homogeneous alloys. At reaction temperatures 

of 220°C, 240°C and 260°C, sulfur concentrations vary with growth time, indicating the 

formation of nanocrystals with chemical composition gradients.  A correlation between 

the progressions of stoichiometries as a function of temperature cannot be established 

with this experimental data.  TEM images of CdSSe nanocrystal samples grown at T = 

240°C, T = 260°C and T = 315°C are shown in Figures 3.16 – 3.18. 

Optical characteristics of the CdSSe nanocrystals synthesized at varying 

temperatures are depicted in Figure 3.19.  Here, we compare the progression of the first 

absorption peak with growth time at varying synthesis temperatures. Absorption 

wavelengths fluctuate with changing temperatures but appear to show no trend as a 

function of temperature.  Progressions of the absorption spectra with growth time follow 
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similar trends even with dramatic differences in gradation.  This data supports the 

proposed phenomenon of carrier confinement, where unchanged absorption with 

changing composition is observed. Band edge absorptions as a function of anionic 

stoichiometries were fit to equation 3.3 to determine bowing parameters for gradient 

CdSSe nanocrystals produced at each synthesis temperature (Figure 3.20).  Resultant 

parameters are summarized in Table 1 and empirical fits for the ternary gradient 

nanocrystals are as follows: 

 

 

Figure 3.15 Stoichiometric data of compositionally graded CdSSe nanocrystals 

demonstrating progressions of sulfur concentrations with growth time and per 

temperature; 220°C [●], 240°C [▲], 260°C [♦] and 315°C [►].  Data obtained from RBS 

measurements.
58
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for T = 220°C: 

    [  (     )      ]  (   )[  (      )      ]       (   )     (3.4) 

for T = 240°C: 

    [  (     )      ]  (   )[  (      )      ]       (   )     (3.5) 

for T = 260°C: 

    [  (     )      ]  (   )[  (      )      ]       (   )     (3.6) 

for T = 315°C: 

    [  (     )      ]  (   )[  (      )      ]       (   )     (3.7) 

Tables 2-5 contain experimental data used to obtain empirical fits.  Emission wavelengths 

as a function of sulfur concentration at varying temperatures are plotted in Figure 3.21a.  

Slightly red-shifted emissions are observed for syntheses at temperatures of 220°C and 

240°C with increasing sulfur content; emission wavelengths, however, remain fairly 

consistent for nanocrystals synthesized at temperatures of 260°C and 315°C.  Figure 

3.21b depicts FWHM values of PL peaks for nanocrystals synthesized at different 

temperatures. Gradient nanocrystals demonstrated narrow emission with FWHM values 

ranging between 24.5 nm and 33 nm.  Calculated quantum yields for CdSSe nanocrystals 

synthesized at various temperatures are presented in Figure 3.21c.   

Compositionally graded CdSSe nanocrystals synthesized at T = 220°C produces 

emissions with the highest quantum yields of the materials discussed here.  For that 

synthesis, quantum yields increase quadratically with growth time.  This also 

demonstrates improvements from quantum yields of binary nanocrystals.  Irregular 

quantum yield progressions may be the result of changing electronic structures of the 
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gradient nanocrystals with increasing sulfur stoichiometries and fluctuations due to the 

degrees of gradation which govern confinement effects.
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Figure 3.16 TEM micrographs of compositionally graded CdSSe nanocrystal synthesized at T = 240°C.  Samples represent aliquots 

taken at the following times:  (a) 10 s, (b) 5 min, (c) 10 min, (d) 20 min, I 40 min, (f) 60 min, (g) 90 min and (h) 120 min.  All scale 

bars represent 20 nm.  
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Figure 3.17 TEM micrographs of compositionally graded CdSSe nanocrystal synthesized at T = 260°C.  Samples represent aliquots 

taken at the following times:  (a) 10 s, (b) 5 min, (c) 10 min, (d) 20 min, I 40 min, (f) 60 min, (g) 90 min and (h) 120 min.  All scale 

bars represent 20 nm. 
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Figure 3.18 TEM micrographs of compositionally graded CdSSe nanocrystal synthesized at T = 315°C.  Samples represent aliquots 

taken at the following times:  (a) 10 s, (b) 5 min, (c) 10 min, (d) 20 min, I 40 min, (f) 60 min, (g) 90 min and (h) 120 min.  All scale 

bars represent 20 nm.
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Figure 3.19  Comparisons of the (a) first absorption peak and (b) emission wavelength 

during growth and with varying temperatures; 220°C [●], 240°C [▲], 260°C [♦] and 

315°C [►].
58
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Figure 3.20 Compositionally graded CdSSe nanocrystals synthesized at varying 

temperatures, compared to homogeneously alloyed CdSxSe1-x nanocrystals
79

 fit to 

Equation 3.3.
58
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a
Fitting our data for band edge absorption as a function of anionic stoichiometries 

produces a quadratic approximation described in equation 3.3. A (CdS) and C (CdSe) are 

the corresponding empirical parameters.
58
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Figure 3.21 Here, we illustrate (a) photoluminescence as a function of sulfur 

concentration at 220°C [●], 240°C [▲], 260°C [♦] and 315°C [►]. Their corresponding 

(b) FWHM and (c) QY values as a function of sulfur concentration are also 

demonstrated.
58
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3.24 Improved Luminescence Intensity with Changing Anionic 

Stoichiometries 

 

In an attempt to enhance the optical properties of the compositionally graded 

CdSSe nanocrystals, initial anionic precursors were varied.  Considering that syntheses at 

T = 220°C produced gradient nanocrystals with the highest luminescence efficiencies, 

this reaction temperature was used.  Figure 3.22a shows resultant absorption and 

emission wavelengths of compositionally graded CdSSe nanocrystals with varying 

anionic precursor ratios.  In the analysis of both absorption and emission properties of the 

gradient CdSSe nanocrystals, negligible shifts are observed with changing anionic 

precursor concentrations.  To complement these findings, FWHM values and Stokes 

shifts are plotted in Figure 3.22b with increasing Se concentrations.  We mostly observe a 

linear change in luminescence efficiencies with increasing concentrations of S precursors 

and decreasing concentration of Se precursors; whereas compositionally graded CdSSe 

nanocrystals demonstrate higher quantum yields with higher concentrations of S 

precursors.  This is evident in Figure 3.22c and the highest observed quantum yield was 

74%.   
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Figure 3.22  Comparisons of the (a) first absorption peaks, (b) FWHM values and Stokes Shifts, and (c) quantum yields of 

compositionally graded CdSSe nanocrystals synthesized at T = 220°C for 2 hours and fabricated with varying anionic precursor ratios.  

With increasing S precursor concentrations and decreasing Se precursor concentrations, negligible variation in absorption and 

emissions are observed, yet luminescence efficiencies increase.
58
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CHAPTER IV 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

This dissertation explored the structural configuration and resultant optical 

properties of CdSSe nanocrystals exhibiting chemical composition gradients with varying 

degrees of gradation, produced by tuning anionic precursor reactivity via temperature.   

A gradual incorporation of S atoms into the nanocrystal matrix was paired with 

stoichiometric analysis, where the anionic ratios were measured, with nanocrystal growth 

time.  Structural analysis also reveals slight deviations in the crystalline structure of 

gradient CdSSe nanoparticles compared to bulk CdSe and CdS crystals.  Considering the 

difference in anionic diameters, where Se has a larger ionic radius compared to S, 

distortions in crystal structure were anticipated with increasing S concentrations.  The 

resultant crystal is severely strained, in which the zinc blende crystal structure is 

continued throughout the nanoparticle but the unit cell building blocks are incorporated 

with non-uniform distortions.  We propose that growth of the compositionally graded 

CdSSe nanocrystals initiates from ultra-small CdSe nanocrystals and continues with the 

gradual incorporation of S atoms creating a radially-directed, chemical composition 

gradient.  It is also possible that gradient CdSSe nanocrystals are formed by the gradual 

diffusion of S atoms into CdSe nanocrystals.  If this has occurred, the configuration 

would closely resemble a core/shell particle.  Based on stoichiometric data and structural 

analysis, we are only able to simply determine that binary CdSe nanocrystals are present 

at the beginning of the synthesis and S concentrations increase with growth time.  
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Though the latter growth mechanism is possible, our data supports the former conjecture 

for growth. 

Similar to a multilayered particle, gradient nanocrystals are composed of layered 

materials each having its own electronic structure.  The gradation allows for smoothened 

transitions between layers and also describes the internal crystal structure and defines the 

resultant quantum confinement effects. Carriers are confined at some depth below the 

surface of the nanocrystal by an energy barrier associated with increasing concentrations 

of charge towards the nanocrystal surface.  The depth of confinement is independent of 

nanocrystal diameter but varies according to gradation.  Induced disparities in 

composition gradation allow for tunability of electronic structures of these materials by 

merely manipulating rate constants of precursors.  The combination of individual layers 

and the interaction between layers has some undefined effect on the resultant electronic 

structure of the entire particle.  Once understood, these interactions will undoubtedly 

prove to be non-trivial.    

The compositionally graded nanocrystals have demonstrated unique gradation-

dependent optical properties.  Observed improvements in optical performance are the 

most notable.  Fluctuations in optical absorption, photoluminescence and quantum yields 

are observed by inducing a change in the rate of reactivity of precursors and are thought 

to be due to disparate charge distributions from radially changing sulfur concentrations.  

Atypical of binary semiconductor nanocrystals and homogeneous alloys, absorption and 

photoluminescence of gradient nanocrystals do not demonstrate a red-shift with growing 

diameter nor are optical wavelengths continually affected by changing stoichiometries.  

The exception to the previous statement is the observation of increased quantum yields 
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that are dependent on the degree of gradation.  The highest quantum yield observed is 

74%.  In view of the changing quantum yields with varying degrees of gradation and 

earlier reports of blinking suppression
55

, semiconductor nanocrystals with chemical 

composition gradients may prove to be model systems for studying and identifying 

specific non-radiative processes associated with luminescent efficiency and fluorescence 

intermittency.      

Further studies are needed to explicate on the dependence of electronic structure 

and optical properties on the internal structure and gradation of compositionally gradient 

nanocrystals.  To do so with CdSSe, more detailed correlations between optical properties 

and gradation are needed to elucidate the true nature of the phenomena observed here and 

to better understand the effects of gradation on quantum confinement with the 

nanocrystals.  Explorations in material synthesis should continue.  Substituting varying S 

and Se complexes as anionic precursors should induce internal structures and gradation 

effects that have not yet been observed.  These novel gradation effects are possible 

simply because of the sensitivity of the experiment to changing parameters.  The rate of 

reaction for each precursor is material specific and also affected by other reactants and 

reactant concentrations. 

Additional chemistries of compositionally graded nanocrystals were fabricated 

(i.e. Zn and Pb gradient systems) and should be studied to unveil the effects of inducing 

inhomogeneous internal structures with varying chemistries.  Just as enhanced optical 

properties were observed in these experiments, gradient nanocrystalline structures may 

exhibit novel electronic and magnetic phenomena that are dependent on their chemical 

composition and structural configuration.  
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In addition, XRD data should be scrutinized and evaluated as a complimentary technique 

to characterizing gradient effects on the crystal structures of the materials.  With known 

nanocrystal diameters and size dispersions, investigations into line broadening and non-

uniform peak shifts and their departure from parent, bulk crystal structures should offer a 

plethora of new and complimentary information regarding internal structures and 

gradation. 

Currently, the technology to image the internal structure of the gradient 

nanocrystals on the Angstrom scale does not exist and may never.  Nonetheless, it is 

imperative to develop a working model or some visualization of the internal structure of 

these materials. To do so accurately, some insight into the growth process and gradation 

effects on the physical properties of the materials is needed.  A theoretical approach to 

evaluating and discovering the potential of gradient nanocrystals is necessary.      
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APPENDIX 

 

A. Additional Compositionally Graded Semiconducting Nanocrystal Materials 

 

Enhancements in photophysical properties, as described in Chapter III, are expected 

due to the structural variations associated with chemical composition grading and are not 

particular to the chemistries of the materials.  Some correlation can be made between the 

type of atom chosen for substitution in the gradient alloy and the velocity of 

enhancement.  Ternary alloys are formed when atoms of a chosen element are 

incorporated into a binary structure and crystallize as the chosen element substitutes the 

corresponding cation or anion in the crystal matrix.  Gradient materials crystallize in a 

similar fashion only with non-uniform stoichiometries at varying depths.  For gradient 

structures, resultant photophysical properties are greatly dependent on whether the 

substitutional atom is an anion or cation.  As mentioned previously, some of the factors 

associated with enhancements in photophysical properties in gradient alloys are as 

follows:  1) distorted lattice constants, (2) deformation of electron distribution due to the 

differences in electronegativity of constituent atoms, and (3) variations in anion – cation 

bond lengths.  The ionic type of the substitutional atom directly affects the degree of 

distortion in lattice constants and the crystal matrix; also, it would directly affect the 

electron distributions as anions tend to be more electronegative and cause larger 

distortions.  Previous, gradient CdSSe nanocrystals were discussed in which 

substitutional atoms were anions.  This section explores gradient nanocrystals in which 

substitutional atoms are cations.  
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A.1   On the Optical Properties of Compositionally Graded CdZnSe 

Nanocrystals 

 

Nanocrystals of compositionally gradient CdZnSe were synthesized according to 

procedures found in Section 2.2.2 of this document.  Similar to the case of 

compositionally graded CdSSe nanocrystals, RBS analysis (Figure A1) of CdZnSe reveal 

the gradient nature of the as-synthesized CdZnSe nanocrystals as the Cd:Zn atomic ratio 

varies with growth time. 

 

 

 

Figure A1. RBS analysis of nanocrystal stoichiometry as a function of growth time for 

CdSbSe nanocrystals.  Graphs depict changing chemical composition of Zn with growth 

time.  The gradual increase in zinc content with growth time indicates that these CdZnSe 

nanocrystals are grown with a chemical composition gradient where there is a Cd-rich 

core and Zn-rich shell.   
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Figure A2.  Optical absorption spectra of compositionally graded CdZnSe nanocrystals 

at varying growth times. 

   

Also, similar to the case of compositionally graded CdSSe nanocrystals, a red 

shift in absorption is observed with increasing growth times.  As concentrations of Zn 

increase, absorption red shifts to longer wavelengths, then remains unchanged with 

longer growth times.  Photoluminescence is not reported here for gradient CdZnSe 

nanocrystals considering initial experiments yielded zero luminescence.  Further 

exploration of this material is needed to explore the lack of luminescent output.  

Core/shell materials of CdZnSe typically yield high luminescence
80,81,82

.    
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A.2   On the Morphology of Compositionally Graded CdPbSe Nanocrystals 

 

Figure A3.  Graphical analysis of RBS data of CdPbSe depicts changing chemical 

composition of Pb with growth time.  The gradual increase in sulfur content with growth 

time indicates that these CdPbSe nanocrystals are grown with a chemical composition 

gradient where there is a Cd-rich core and Pb-rich shell. 

 

RBS was used to analyze chemical compositions of CdPbSe nanomaterials with 

growth time.  Stoichiometric ratios of cationic components are presented in Figure A3.  

Gradient CdPbSe nanomaterials show increasing concentrations of Pb with growth time.  

TEM micrographs of the CdPbSe nanomaterials were analyzed and show morphologies 

deviant from that of CdSSe gradient nanocrystals (Figure A4).  Initially, the boomerang-

like morphologies of CdPbSe gradient nanomaterials were thought to be due to the large 

mismatch in ionic radii of both Cd
2+

 and Pb
2+

.  Upon closer inspection and in obtaining 

high resolution TEM micrographs (Figure A5) of these nanomaterials, it appears as if the 
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gradient CdPbSe materials crystallize in a distorted spherical form then assemble into 

boomerang-like structures.  We were able to isolate one of these structures in a high 

resolution image (Figure A6).  The crystallographic fringe pattern visible in Figure A6 

shows a continuous crystal structure but with extensive twinning.  Further studies on the 

crystallographic effects of inducing chemical composition gradients in CdPbSe materials 

are necessary to understand this phenomenon. 

 

Figure A4.  TEM micrograph of compositionally graded CdPbSe nanomaterials. 
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Figure A5.  High resolution TEM micrograph of compositionally graded CdPbSe 

nanomaterials.  
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Figure A6. High resolution TEM micrograph of compositionally graded CdPbSe 

nanomaterials. 
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