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16 Abstract 

This dissertation presents new insight into the ability of small molecule passivated NCs to 

achieve intimate approach distances, despite being well passivated, while developing guiding 

principles in the area of ligand mediated microstructure control and the resulting macroscopic 

optical and electronic properties that close packing of high quality NCs enables. 

NC ligand coverage will be characterized quantitatively through thermogravimetric analysis 

(TGA), and qualitatively by photoluminescence and electroluminescence, in the case of functional 

devices; illustrating the importance of practitioner dependent control of ligand coverage through 

variations in the dispersion precipitation purification procedure.  A unique examination of the 

relative contribution of energy and charge transfer in NC LEDs will demonstrate the ability to 

achieve charge transfer, at a level competitive with energy transfer, to well passivated NCs at 

various wt% loading in a polymer matrix.  The observation of potential dependent recombination 

zones within an active layer further suggest novel, NC surface passivation mediated control of 

blend microstructure during solution processing towards the development of a bi-continuous 

network. 

Next, NC self-assembly and resulting microstructure dependent optical and electronic 

properties will be examined through electroluminescence and high-resolution transmission 

electron microscopy (TEM) micrographs of functional NC/polymer bulk heterojunction LEDs. 

The joint characterization of NC optical properties, and self-assembly microstructure provide a 

deeper understanding of the significant and inseparable effects of minimal changes in NC surface 

passivation on structure and function, and emphasize the potential to rely on strongly passivating 
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ligands to control physical properties and processing parameters concurrently towards higher 

efficiency devices via low cost processing. 

Finally, micro-contact printing of blazed transmission gratings, using stable dispersions of 

core and core/shell NCs will be shown to produce close packed assemblies of NCs forming near-

wavelength luminescent superstructures separated in space.  We show the dominant contribution 

of a two-monolayer thick sharp interface CdS shell to the diffraction efficiency, and necessarily 

the refractive index, of the NCs, independent of core size. Utilization of these gratings as in-

coupling elements at various positions within a device architecture are also examined.  These new 

observations were achieved by unprecedented control of NC architecture during dispersion 

processing, while maintaining high luminescence, made possible by optimized NC surface 

passivation.  These studies enable the formation of new LED architectures, and new optoelectronic 

devices based on angle resolved, monochromatic fluorescence from diffraction gratings prepared 

from simple solution processing approaches.  Further, the novel observation of angle amplified 

interfering fluorescence from these features is argued to be a result of long range radiative coupling 

and superradiance enabled by the monodispersity and high-quality NC surface passivation 

described herein. 
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1 Chapter 1 : INTRODUCTION  

1.1 Motivation for nanocrystal assemblies with controllable microstructure as 

components in photonic and optoelectronic devices  

Interest in semiconductor nanocrystals (NCs) from basic science to application continues to grow 

due to their intrinsic size and surface chemistry tunable optical and electronic properties. 1-3 

Additionally, established and continually improving, guiding principles for synthesis allowing for 

size and surface chemistry control, 4-10 make high quality NCs such as the CdSe and CdSe/CdS 

core shell NCs used throughout this work, amenable to solution processing, assembly and 

microstructure control.  These advantages have provided a platform for NC assemblies to find 

application as valuable components for photonic and optoelectronics applications such as Lighting, 

11-16  Photovoltaics and photodetectors 17-21 and lasing, 22-29 all of which may benefit from light 

management, enabled by tailored  microstructures.  Further, fine control of NC surface chemistry 

and superstructure continues to advance new avenues for more fundamental research towards 

light-matter interactions at the nanometer scale such as solid state superradiance.30-36  Of particular 

import for applications such as these is the ability to achieve effective electronic junctions or close 

packing with neighboring particles and host materials while maintaining electronic passivation to 

mitigate surface induced mid-gap states.  The critical nature of such interactions becomes evident 

in the examination of the relative contribution of energy and charge transfer to charge carrier 

generation on NCs in optoelectronic devices, where there is a direct dependence on inter-particle 

approach distance and NC optical properties. 37-41  The consequential improved charge injection, 

extraction or transport afforded by such junctions is then greatly dependent on both ligand induced 

electronic profile of the NCs, as well as steric control of approach. Several excellent reviews 

discuss the general incorporation of NCs in various devices and illustrate the need to consider 
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surface chemistry effects on processing and the resulting NC inter-particle interactions and 

optoelectronic properties 16, 21, 42.  

Briefly, this type of junction has traditionally been endeavored through ligand selection or 

exchange, to enable shorter approach distances. 41-44 Ligand exchange, however, simultaneously 

can damage the NC surface or redistribute the surface electronic density causing changes to the 

electronic and optical properties, 45-46  resulting in barriers to charge injection or the appearance of 

trap emission. 41, 47-48  More recently, designer ligands have surfaced allowing improved proximity 

in as-synthesized NCs and in situ modification to improve close packing, 49-50 though extensive 

surface coverage by the ligand may still prevent optimum electronic contact. As made evident by 

these examples, relying on ligand modification alone to achieve NC close packing often requires 

a compromise between desirable solution processibility, imparted by the ligand body, and 

optimum optical and electronic character mediated by the NC surface which is heavily influenced 

by the ligand head group, especially during ligand exchange. 

An alternative route to close packing relies on the controlled removal of ligand which has shown 

to result in intimate contact as inferred by relaxation of quantum confinement seen as a red shift 

in luminescence accompanying the formation of nanowires and attributed to dipole-dipole 

interactions.51  To this end, modeling has been carried out suggesting the role of removing 

sterically hindering surface ligands in interparticle interactions. 52  Such examples illustrates the 

potential for relying on ligand coverage to achieve close packing of NCs in a polymer matrix, 

insight which can be inferred by long established cone angle effect on precursor activity during 

synthesis.53  It can then be reasonably argued that the significant dipolar nature of CdSe NCs, on 

the order of 100 Debye, 54 might lead to self-assembly within a polymer host if ligand surface 

coverage were optimized.  The caveat of this surface depletion approach, which will be discussed 
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throughout this dissertation, is the necessary diligence in maintaining a sufficiently passivated 

surface to simultaneously maintain dispersion stability while allowing sufficiently close approach 

to enhance interparticle interactions for self-assembly, energy and charge transfer, and minimize 

surface generated mid-gap electronic states, during solution processing of NC polymer blend 

active layers. 

Directed mechanical deposition of NCs through techniques such as inkjet printing55-56 and micro 

contact printing 57-59, while not relying on the ability to remove insulating ligand, still require 

solvent compatibility, and benefit from close packing of high quality surface NCs when 

considering charge transfer as discussed above, or light matter interactions where NC crosstalk 

enables phenomenon such as Stimulated emission or superradiance. 22-23 34 35  

This dissertation focuses on the optoelectronic consequences of surface passivation mediated close 

packing on II-VI semiconductor nanocrystal architecture, as they pertain to solution processed 

device applications. We propose that the ligand identity can be de-coupled from the NC approach 

distance and that ligand coverage can be adjusted to simultaneously optimize both optoelectronic 

properties, and dispersion stability allowing for close packing of highly luminescent NCs.  

Specifically, the three areas explored are:  i) Energy and Charge transfer in solution processed 

core/shell-polymer hybrid active layer LEDs, ii) Importance of CdSe Nanocrystal ligand surface 

coverage on dispersion, microstructure, and electroluminescence properties in polymer hosts, and 

iii) Shell Dominated refractive index and order enhanced interfering fluorescence in micro-contact 

printed core/shell NC diffraction gratings.   

The use of ligand capped CdSe core and CdSe/CdS core/shell NC polymer blend solution 

processed functional architectures will be the initial focus where initially we use the ability to 
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mediate architecture within a polymer host through control of surface passivation to study energy 

and charge transfer, as well as self-assembly.  Next we take advantage of the ability to achieve 

close packing while maintaining efficient passivation during solution processing to explore the 

light matter interactions of close packed, spatially separated, luminescent microstructures 

composed of both CdSe cores and CdSe/CdS core shell NCs.  

 

 

1.2 Energy Transfer and Charge Transfer in CdSe/CdS Core/Shell NC-Polymer Blend 

LEDs 

Core and Core/shell NCs continue to be attractive candidates as components of polymer-

NC hybrid LEDs and PVs in part due to their ease of solution processing and potential to combine 

absorption or emission from both composite species.  The NC size tunable absorption and emission 

wavelength, and narrow emission spectra which make them attractive for such applications, 

however, also greatly influence device performance.  NC size dependent band edge energies have 

been shown to affect charge collection and recombination efficiencies, through both energetic 

alignment60 and through tuning spectral properties. The far more complex nature of NC surface 

chemistry and interparticle interactions mediated by passivating ligand identity, however, 

additionally introduces variability in those pathways leading to charge generation on the NCs.  

Two such possible pathways are direct charge injection and Förster resonant energy transfer 

(FRET), a dipole-dipole based method of non-radiative transfer of excitation energy.  In simplified 

form, the mechanisms for direct charge injection and FRET leading to exciton formation and 
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subsequent recombination on, and emission from the NC component of a hybrid device are 

outlined below in Figure 1.1a. 

 

Figure 1.2-1 Basic pathways towards electroluminescence from NC composite polymer blend 

LEDs when blended with ambipolar polymer (a) or with an insulating polymer (b) and (c).  

 

This basic illustration of a bulk heterojunction active layer illustrates the routes to 

electroluminescence.  In the first scenario depicted to the right in Figure 1.1a, charges (electrons 
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and holes) injected at opposing electrodes have the ability to migrate, unmitigated, through an 

ambivalent polymer matrix and ultimately recombine radiatively with characteristic polymer 

luminescence.  Alternatively, if the formed exciton is within a Forster radius of a NC in the 

composite, and the polymer emission spectra sufficiently overlaps with the NC absorbance spectra, 

Forster resonance energy transfer (illustrated by the yellow arrow) may result in generation of an 

exciton on the neighboring NC which can then relax producing characteristic NC luminescence.  

While the rate of energy transfer is heavily dependent on the structure of the acceptor with regards 

to behaving as point like, thin film, or bulk, 38 under the basic assumption of point like behavior 

of a well-blended NC composite, the dependence of energy transfer rate to the NCs  depends on 

the inverse of the sixth power of the distance between the donor and acceptor. For such a path, 

excitons generated within a polymer domain at greater distance than a diffusion length from the 

NC interface are unlikely to result in energy transfer. 

In the second scenario shown at left in Figure 1.1a, migrating charge in the polymer may encounter 

a charged NC resulting in direct charge injection and exciton generation on the NC, again 

producing characteristic NC luminescence.  As NC concentration in the matrix increases, or as 

electronic character of the NC is adjusted to acquire more carrier trapping nature, as with core shell 

NCs, the efficiency of direct charge injection increases.  An alternative scenario is presented in 

Figure 1.1c where a percolating channel is produced, either through use of NC concentrations 

above the percolation threshold, or through self-assembly, where both carriers may be injected 

directly into the NC chain, transporting until they meet and recombine producing NC 

luminescence.  This type of structure, ideal for photovoltaics, will be discussed in chapter 4 along 

with its counterpart bi-layer structure in Figure 1.1b, containing an insulating polymer to illustrate 

the ability to infer microstructure from device behavior. 
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The basic depiction of mechanisms leading to NC luminescence shown above provide insight into 

the necessary consideration of NC surface chemistry and microstructure required to optimize NC 

luminescence in bulk heterojunction polymer blend LEDs. 

Using CdSe/ZnS core-shell nanocrystals with red emission (630 nm) blended with a conjugated 

blue-emitting (450 nm) polymer, Janssen compared the PL of the NC-polymer mixed film to its 

electroluminescence to show that when charge recombination is dominant in the polymer, energy 

transfer plays an important role in nanocrystal emission. 61  He goes on to describe that introduction 

of an electron-transport layer to aid in charge carrier trapping and exciton confinement in the 

emissive layer changes the dominant pathway for NC emission from energy transfer to direct 

electron-hole recombination on the NCs.   The shift in dominant NC emission mechanism 

described resulted in an order of magnitude increase in maximum luminance efficiency from 0.015 

cd/A to 0.16 cd/A at a NC loading of 80 wt %.   At such a significant NC loading, the active layer 

architecture likely reflects polymer domains with minimal dimensions as the NCs are suspected to 

be at or near percolation.  The drastic increase in NC luminescence upon introducing electronic 

accessibility is then to be expected intuitively. However, these data do not speak to the 

microstructure component to pathway dominance, or to the potential increase in luminescence that 

might arise from optimized polymer domain sizes. 

Shortly after this work by Janssen, Anikeeva more closely examined the mechanisms leading to 

NC luminescence by depositing a monolayer of CdSe/ZnS core/shell NCs with a PL peak at 604 

nm, at various positions within the device active layer. 62    The enabled control over charge 

injection into the NCs resulted in the finding that for the specific system used therein, maximum 

device efficiency resulted from maximizing energy transfer from the organic components to the 

NCs.  It was additionally determined that the NC luminescence was limited by charging of the NC 
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by trapped electrons.  This work emphasized the need to focus attention to the dominant excitation 

pathway, and again revealed the importance of energy transfer, but a comparison of the two 

processes under optimized conditions for both was not addressed.  Years later, Kumar described 

EL properties of blended device active layers consisting of CdSe/ZnS core/shell NCs, with a Peak 

PL at 610nm, blended in N, N0-Bis(3-methylphenyl)-N, N0-diphenylbenzidine (TPD) at 50 wt 

%.39  The absence of phase separation was characterized by determined by Atomic force 

microscopy.  In this case, comparison of direct charge injection and FRET into NCs demonstrated 

that these two mechanisms act independently to produce NC luminescence under non-phase 

separation conditions.   Though such studies enhanced the understanding of the operating 

mechanisms of polymer/NC LEDs, there still remained a significant question with regards to the 

role that microstructure played in the dominance of the excitation pathway, in particular the 

question was posed as to whether a NC blend microstructure could be approached such that a 

maximum number of NCs were present to take advantage of direct injection, while being 

surrounded by polymer domains of dimensions sufficiently small to maximize energy transfer and 

avoid polymer luminescence. 

More recently, attention turned to the examination of the effects of the NC surface on relative 

contributions of energy transfer and direct charge injection.  Morgenstern used time-resolved 

absorption and luminescence measurements to demonstrate that modification of capping ligand as 

well as thermal annealing of 6.1 nm diameter CdSe NCs blends, at 90 wt %, could tune the polymer 

-nanocrystal interaction.41  The most significant findings stated that while energy transfer again 

was the dominant path to NC electroluminescence, thermal annealing caused charge transfer to 

become competitive.  Further decreasing ligand length improved energy transfer.  These findings 

would appear to be supported intuitively, as  annealing is known to remove ligands 63 which would 
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result in improved NC-NC and NC-polymer electronic junctions.   Additionally, ligand identity 

has been shown to plays a major role on charge transfer dynamics due to surface mediated energy 

levels and mid-gap states arising from the binding head group, as well as in sterically mediating 

NC-NC approach which affects energy transfer and specifically for recently reported high 

efficiency LEDs significantly affects charge balance.64 These results then emphasize the additional 

importance of considering the organic-NC interface while optimizing energy transfer and direct 

charge injection. 

The focus of this work is to quantitatively determine the relative contribution of charge transfer 

and energy transfer to NC electroluminescence for CdSe/CdS Core/Shell-NC polymer blend 

heterojunction active layer based LEDs. In particular, the NC loading within the active layer is 

maintained below 50% during comparison of energy and charge transfer, to enable a true blended 

film absent of forced percolation, as might lead to optimization of both mechanistic contributions 

to NC luminescence.  The relative contribution of FRET and direct injection is determined by 

comparing PL of neat NC films and NC-polymer blends to the EL of devices containing these 

equivalent films as active layers.   We believe that significant contribution from both direct charge 

injection and FRET exists and that dominance of either path is controllable, and thus optimizable 

by the bulk heterojunction microstructure at NC loadings below the percolation threshold. 

1.3  Ligand surface coverage effects on dispersion, microstructure, and 

electroluminescence properties in polymer hosts 

1.3.3 Isolation procedure and surface coverage 

CdSe NCs (4.1 nm diameter) isolated through dispersion/precipitation cycles have been reported 

to lose a majority of excess ligands after two precipitations, with an indistinguishable loss of 
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ligands between the second and third precipitation 65.  Similarly, previous studies using ca. 4.5 nm 

CdSe/CdS core-shell NCs capped with ODA 63 have shown the removal of a majority of the excess 

ligands (ca. 80% of the total mass) in the first precipitation; while only a 6–8% change in mass 

occurred for the second precipitation, at which point device performance was reported and no 

additional precipitation–re-dispersion cycles were probed.  Furthermore, quantitative work by 

several authors showed that successive precipitation–re-dispersion cycles result in an 

approximately constant surface coverage of phosphorous-based ligands, with progressive loss of 

small amounts of amine-based ligands over four precipitation cycles. 7, 66-67 despite insights into 

the sensitivity of ligand surface passivation to changes in concentration as well as adverse effects, 

68-69    dispersion followed by precipitation using a non-solvent remains a popular isolation method, 

which continues to present highly practitioner dependent results.  An excellent review by Morris-

Cohen discusses the various techniques used to quantitatively determine ligand surface coverage 

for a range of NC diameters 70.   

1.3.4 Effect of NC Surface Coverage on Electroluminescent Character 

The role of passivating ligands in NC photodynamics remains a focus of ongoing research. 

71Inferences regarding the relative NC electronic structure can be made, however as the NC’s 

luminescence are frequently correlated to the type and degree of surface passivation, as.  A well 

passivated NC emitter, having minimal density of trap states should demonstrate pure band edge 

emission.  A less passivated NC is then expected to have available surface induced gap states into 

which radiative relaxation may occur resulting in the presence of a red shifted surface state 

mediated recombination.  Previous work by Babentsov et al.72 demonstrated the appearance of a 

peak red shifted from the band edge emission by approximately 0.3 eV, corresponding to the 

presence of trap state emission.  NC curvature influenced ligand surface density has also been 
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shown to induce such trap emission.1  Alternatively, intimate inter-particle contact can lead to 

formation of nanowires, effectively lifting confinement in one dimension and leading to a red shift 

in the absorbance and luminescence, as evidenced by Tang et al.51   

1.3.5 Ligand mediated microstructure  

As made clear above, NC distribution in a polymer host, along with the NC surface chemistry play 

a critical role in hybrid active layer charge dynamics. The ideal microstructure for optimum 

contribution of both energy and charge transfer to luminescence continues to be an area of much 

debate.   With regards to performance in hybrid heterojunction photovoltaics, though there is a 

dependence on the efficiency of a number of steps, 73 a clear route to improvement has been 

described. Since the bulk heterojunction was introduced in the seminal work by Yu et al. where a 

mixture of MEH-PPV and C60 were spin cast as films demonstrating a significant increase in device 

efficiency quickly followed by the identification of a blended, bi-continuous microstructure,  as 

the major contributor to improving interfacial area and charge collection,74 75   marked 

improvements in overall efficiency have been attributed to  reduced NC aggregation and the 

formation of better NC percolation networks.  Oosterhout visualized the three-dimensional 

morphology of a ZnO NC based hybrid solar cell using electron tomography and demonstrated 

that loss of ideal microstructure by formation of NC aggregates and incomplete percolation 

resulted in decreased device performance. 76 Similar formation of interconnected pathways for 

charge transport by blending spherical NCs and nano-rods resulted in greatly improved efficiencies 

as well.77 In this same work higher annealing temperatures were found to improve short-circuit 

current while reducing the open circuit voltage, emphasizing the importance of considering 

consequential surface mediated changes to NC assemblies during induced changes in morphology. 

In a CdSe NC-polymer blend system, Bohm demonstrated that exchange of native ligand for short 
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chain butylamine, followed by removal of NC aggregates resulted in the finer morphology and 

better long-range connectivity of the NC network, which in turn led to more than twice the charge 

generation yield.78 In addition to microstructure improvements associated with nearer NC-NC 

approach, the mobility of both carrier types in NCs has been described to increase by greater than 

a factor of 2 per Angstrom decrease in ligand length, 79  making obvious the needed precise control 

of NC-NC interactions for both assembly and electronic properties.  Similar reduction in 

aggregation domains would be attractive for PV platforms where the NC is selected to absorb light 

in wavelength regions not covered by the semiconducting polymer host (e.g. near-IR absorbance), 

and where NC domains below the exciton diffusion length and vectoral charge transport in NC 

aggregates is critical. 80-81 The need for NC microstructure control, ideally without detriment to 

the NC surface is thus clear. 

NC-NC interactions are believed to be controlled by a combination of strong dipolar interactions 

and weaker dispersive forces, and that ligand surface coverage, ligand length, functionality and 

polarity play critical roles in controlling these NC-NC interactions. 54, 82-86 Semiconductor NCs are 

known to have significant dipoles (30 to 100 Debye) which in turn affect inter-particle interactions, 

with a value of 47 Debye reported for 4.6 nm CdSe NCs 87-88 The polar nature of nanocrystals of 

the II-VI semiconductors such as CdSe, would suggest that based on their dipolar interactions 

alone, it would be possible to form a linear array of NCs, provided the ligand coverage and 

functionality along with processing conditions would allow formation of that type of aggregate 

structure.  

Studies have shown that bi-continuous networks of NCs and polymer hosts can be prepared with 

reasonable domain sizes which can aid in charge separation, charge transport and charge 

collection. 89-91 Improvements in polymer/NC film microstructure have been associated with 
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changes in NC surface modification and processing. 92-93 Typical approaches to ligand passivation 

of NCs relying on ligand exchange, either before or after formation of the polymer/NC thin film 

can often lead to incomplete ligand exchange or damage to the NC surface. 94  It is also common 

to use extremely high NC loadings (up to 90 wt%) in the polymer host to promote percolation. 78 

This, however can limit the formation of the NC/polymer interface necessary to support efficient 

charge transfer and can also result in loss of control of the NC domain size. 95  

Spherical NCs may self-assemble when dispersed in a polymer matrix with some dependence on 

the extent of ligand surface coverage for the NCs. 52 NCs have also been observed to self-assemble 

into two-dimensional structures by controlling the removal of the capping ligand, such as in the 

formation of nanowires from 3.4 to 5.4 nm diameter CdTe NCs capped with thioglycolic acid 

during controlled flocculation over several days of aging. 96 The high magnitude of the II-VI 

semiconductor quantum dot dipole has been determined to be a significant contributor to such 

behavior in CdTe NCs. 51 It follows that similar behavior would be observed with TOPO- and 

ODA-capped CdSe NCs used in this study.   

In the current study, we focus on the importance of passivating ligand coverage on CdSe 

nanocrystals (NCs) and the control of the formation of a bi-continuous network within 

semiconducting and insulation polymer thin films, using the NCs as the emissive material in light-

emitting diode (LED) platforms.  The degree to which chain-like NC aggregates are formed that 

span the entire LED active layer is sensitive to surface coverage of the ligands (trioctylphosphine 

oxide, TOPO and octadecylamine, ODA) on the CdSe NC. The formation of such NC aggregates 

is of paramount importance in their use as emissive dopants in a wide array of LED platforms, 97 

as well as their use in light absorbing/charge transporting components in polymer/NC photovoltaic 

(PV) platforms.44, 76-77, 98-99  Their inclusion as dopants in polymer LED platforms provides a 
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straightforward way of determining whether bi-continuous NC/polymer networks are formed as 

ligand coverage is systematically altered. 

The goal of this work is to contribute to the simultaneous understanding of NC surface passivation 

effects on self-assembly and optical and electronic properties.  The enabling chemistry required to 

achieve this goal arises from fine control of the extent of NC surface passivation through judicious 

use of dispersion precipitation cycles, necessarily requiring observation based precipitation.  This 

insight enables fine adjustment of NC self-assembly during solution processing in a polymer host 

to an extent that changes in interparticle contact from bi-layer to bi-continuous network in 

conjunction with functional device optical and electronic response can be examined at 30wt% NC 

loading, below the estimated percolation threshold.  We ultimately propose that effective and 

precise ligand coverage can used to control microstructure during solution processing, presumably 

independent of ligand head group which might alternatively be used to further adjust NC optical 

and electronic properties removing the need to compromise between dispersion control and 

optoelectronic character. 

1.4 Optical properties of NC superstructures 

Controlling the size, surface and nanostructure of NCs enables the tuning of their optical and 

electronic properties making them desirable components for light management in photonic and 

optoelectronic devices.100-101  Despite many examples of their assembly into ordered structures via 

solution process techniques, further understanding the effects of intrinsic NC properties on 

macroscopic behavior of ensembles continues to be an area of great importance and expanding 

knowledge 25, 102-103.  In particular, detailed understanding of the nanostructure of NCs with regards 

to inorganic shells is critical for optimization of electronic and luminescent properties 29, 104.  
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Low cost, high throughput solution processed devices are the current trend in modern applications 

and NC systems are particularly amenable to such methods as stable NC dispersions.  Processing 

of NCs into ordered assemblies is typically achieved by either chemical templating techniques 

such as photo-patterning 105-107 and capillary insertion into chemically modified templates 108-109  

or through direct mechanical deposition techniques such as inkjet printing 55 56 and micro contact 

printing variants 57 58 59.  While chemical templating approaches have the advantage of improved 

spatial resolution, they fail to provide the close packing required for the intimate inter-particle 

communication needed to probe coupled electronic and radiative phenomenon.  Likewise, they 

require surface modification which is likely to have a significant effect on NC electronic and/or 

optical properties and may lead to increased inhomogeneous behavior at the ensemble level.  The 

NC surface chemistry effects on the patterning itself can also be significant, and have been 

reviewed by Altmore 103.  Alternatively, close packed NC assemblies are easily achieved without 

chemical modification of the NC surface through direct mechanical deposition.  Such methods, 

however, require a stable NC dispersion and chemical compatibility between the NC “ink”, 

transfer media and substrate.   

One such example of direct mechanical deposition is micro-contact printed diffraction gratings as 

shown by Shallcross et al. 57 His work optimized core-only CdSe NC concentration to increase 

grating uniformity using commercially available master gratings.  The ability to control the 

emission of NC ensembles supports their use as probe sources for waveguide sensor platforms but 

the isotropic behavior makes integration difficult.  Preliminary observations were made of the 

ability to control the angle of fluoresce during this lab’s prior work in NC micro contact printed 

diffraction gratings.  This suggested that previously neglected quantum behaviors, heavily 
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influenced by NC monodispersity and surface passivation, were important in controlling 

macroscale light-matter interaction. 

Recent work by Talapin utilizing photolithography to generate NC microstructures50 demonstrated 

luminescence from repeating nanocrystaline superstructures.  The advance in processing he 

demonstrated is likely to lead to significant advances in optical characterization due to the ability 

to decrease interparticle spacing between thin film deposition without apparent damage to the NC 

surface.  Because of the relatively large feature sizes, however, potentially interesting quantum 

effects arising from the high-quality NC emission remain unobserved.  Studies of light-matter 

interactions at the nanometer scale in close packed NC assemblies have led to the observation of 

superradiance, 35 a quantum optical property first predicted by Dicke110.  Simply put, intimate 

contact between NCs in an assembly results in a coupling of dipoles such that an entire system 

experiences accelerated radiative decay when interacting with a common light field. 111The 

consequences of such phenomenon are long range radiative coupling and macroscopic coherent 

emission from initially incoherent sources.   

The goal of this research is to experimentally examine the contribution of a sharp interface CdS 

shell to the refractive index of an assembly of close-packed CdSe NCs as a function of increasing 

core diameter while maintaining a constant shell thickness.  A change in refractive index of the 

core and corresponding core/shell NCs is to be inferred from diffraction efficiency measurements 

of micro-contact printed blazed transmission gratings on quartz.  It is suspected that the additional 

shell will have a dominant and constant effect on refractive index in this sharp interface form, as 

it is assumed to behave as a unique material, rather than an alloy such as the case for gradient shell 

addition.  This is in contrast to the behavior of core only NCs in which the core diameter alone has 

been shown to define the refractive index 57.  The assumption of a core-size independent diffraction 
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response arises from observation of drastic differences in electro-optical behavior, such as auger 

recombination lifetimes, observed between sharp-step and gradient shell coated NCs  

1.5 Research Focus 

These three studies are enabling in that they provide the groundwork for further studies examining 

the effects of intimate surface contact between well passivated NCs in assemblies easily achievable 

through solution processing.  The NC synthesis and isolation procedures optimized here and 

described in the appendices permit the close packing of NCs simultaneously maintaining a stable 

dispersion, while allowing relative control over surface induced mid gap states. This control 

provides a means to examine interparticle interaction induced microstructures and to characterize 

the resultant surface mediated self-assembly and corresponding electronic and optical properties 

of active layers in functional LEDs.  Further, light matter interaction of spatially separated 

superstructures of highly luminescent close packed NCs is possible providing the ability to 

examine interference from macroscopically coherent NC fluorescence which has the potential to 

be applied as an angle resolved monochromatic light source for a variety of light management 

application in photonic and optoelectronic devices.     

1.6 Dissertation Organization 

Chapter 2 consists of a detailed summary of the experimental methods used throughout this work 

Chapter 3 introduces the concepts of energy and charge transfer and discusses the role of each in 

device performance, as well as the ligand and NC microstructure effects on the contribution of 

both in NC/polymer blend LEDs.  Device data demonstrate pure NC electroluminescence at 

various potentials with a dominating contribution from direct charge injection, suggesting a 

homogeneous active layer, while in some cases potential dependent color changes in 
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electroluminescence are observed suggesting a bi-layer structure with a potential dependent 

recombination zone.  Ultimately, the dominant route to exciton formation will be discussed it will 

be argued that while in many circumstances, energy transfer may be an efficient route to NC 

excitation; direct charge injection is not mutually exclusive under tailored NC/polymer blend 

morphology and appropriate NC passivation.  The variable morphologies postulated in this chapter 

are revisited in Chapter 4 where control is proposed through ligand passivation. 

Chapter 4 focuses on NC/polymer active layer morphology control and begins to draw a 

correlation to the ligand sphere while describing surface passivation controlled dispersion as a 

means to assist NC self-assembly towards a bi-continuous network through a polymer host, below 

a defined percolation threshold.  The drastic change in device active layer microstructure from 

bilayer to bi-continuous network, as a function of NC isolation regimen, indicates that the NC 

surface passivation plays a critical role in NC-NC and NC-polymer host interactions; revealing 

that minimal changes in surface passivation brought about during the isolation process have a 

simultaneous and critical effect on NC optical properties and NC interactions, both of which can 

be detected by electroluminescence characterization, with more detailed analysis of structure 

through high resolution transmission electron microscopy of functional device cross-sections. A 

rudimentary model for randomized percolation is demonstrated to support the proposal that 

improved NC dispersion through surface passivation does not necessarily result in a rigid 

insulating ligand sphere but may in fact enable dipolar driven self-assembly by preventing 

uncontrolled aggregation of the NCs and allow intimate NC-NC contact for charge transfer. 

Chapter 5 Experimentally demonstrates the macroscopic consequences of NC nanostructure and 

close packing in near-wavelength microstructures by establishing the dominant contribution of a 

uniform thickness CdS shell to diffraction efficiency of micro-contact stamped NC blazed gratings 
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and demonstrating interfering fluorescence.  Atomic force microscopy measurements confirm the 

successful transfer of uniform blazed grating NC structures to quartz substrates for both core and 

core shell NCs of varying sizes.  A uniform NC film of comparable sub-wavelength thickness 

resulted in fluorescence wave guiding which was visible to the naked eye, a consequence which 

enabled further optical analysis.  Continuous pumping incident on features of the grating structure 

resulted in observable fluorescence propagation originating directly from the blazed grating which 

was affected by the near-wavelength lateral microstructure features.  Polar plots revealed 

interference corresponding to wavelength dependent diffraction, necessarily invoking microscopic 

coherence likely resulting from long range radiative coupling and stimulated emission from the 

close packed near-wavelength NC ordered structures.   The observed angle resolved fluorescence 

favors directional in-coupling of monochromatic light and the ability to select for NC emission 

over excitation wavelength.  These findings pave the way for further fundamental analysis of light-

matter interactions and applications requiring efficient wave guiding of monochromatic light 

sources for a variety of photonics and optoelectronics applications. Additionally, the potential 

application of these architectures into OLEDs is briefly examined through placement of the NC 

grating at various positions within the device architecture. 

Appendix A describes practical, experimental details for the reproducible synthesis and isolation 

of CdSe NCs and CdSe/CdS core/shell NCs with narrow size distributions and controlled surface 

passivation which has enabled the stable dispersions and close packing necessary for this work.   

Appendix B contains calculations used to determine NC dimensions for characterization purposes, 

as well as those used in determining chemical ratios for shell addition.   
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Appendix C Presents the adjusted Bernoulli percolation model used to model the percolation 

threshold for NCs, as a function of NC volume in a polymer host, conducted in MATLAB. 
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2 CHAPTER 2: EXPERMINETAL METHODS 

2.1 Synthesis of CdSe and CdSe/CdS Core and Core/Shell NCs  

2.1.3 Materials  

Cadmium oxide (CdO 99.5%), oleic acid (OA, 90%), octadecene (ODE, 90%), Trioctylphosphine 

oxide (TOPO, 90%), Octadecylamine (ODA, 90%), Sulfur (powder) selenium powder (100 mesh, 

99.5%), and tributylphosphine (TBP, 97%), were used as received from Sigma-Aldrich.   All 

organic solvents were purchased from VWR and used as received. 

2.1.4  Synthesis of CdSe Core NCs  

Nanocrystals were synthesized guided by several procedure outlined by Peng et al.157, 1611216 

with minor modifications.  In a typical synthesis, CdO (0.1285 g, 1 mmol), oleic acid (1.1299 g, 4 

mmol) and degassed octadecene (10 g) were transferred to a flame-dried 50 mL three neck, round 

bottomed flask equipped with a Vigreux column under argon.  The mixture was heated to 200 ºC 

using a heating mantle controlled by a variac equipped with a temperature controller, using a 

thermocouple in the reaction mixture, and stirred magnetically at this temperature until clear and 

colorless, for approximately 60 minutes.  Once the solution became clear, it was allowed to cool 

to room temperature under argon, to be used immediately, or to remain under argon for up to 8 

hours.  Simultaneously, Se (0.790 g, 10 mmol) and TBP (2.327 g, 11.5 mmol) were combined in 

a 20 mL scintillation vial located inside an inert atmosphere nitrogen glove box. The vial was 

capped using a14/20 PTFE coated septum, also to be removed from the glovebox for immediate 

use, or to be stored for several hours.  In proceeding with the reaction, to the room temperature 

cadmium solution was added TOPO (2.536 g) and ODA (7.513 g).  The mixture was then heated 

with stirring, to the desired nucleation temperature, typically between 200 and 300 ºC, at which 
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point the Se solution was swiftly injected using a large bore (8 gauge) needle.  A general 

temperature drop on the order of twenty to thirty degrees occurs with injection, depending on 

injection volume which can be adjusted by adding ODE, as described in the synthesis results 

section.  Reaction temperatures were maintained at 240 ºC, for the duration of reaction, while NC 

growth was monitored by removal of ~250 uL aliquots for UV-Vis analysis.  Upon reaching the 

desired NC size, the reaction vessel was removed from heat and cooled using a stream of 

compressed air.  The synthetic parameters shown in Table 2.1-1  yield a dispersion of NCs with a 

maximum first transition absorbance at 585 nm with a typical full-width-at-half-maximum 

diameter less than 30 nm.  Having cooled to approximately 60 ºC, slightly above the melting point 

of TOPO, anhydrous chloroform (10 mL) was added to the reaction flask to both maintain the NCs 

in dispersion and to aid in removal of unreacted cadmium and selenium.  Purification steps taken 

at this point are described in Section 2.1.6. 

 

 

 

 

 

2.1.5 Addition of CdS Shell  

A typical reaction for the addition of 2 monolayers of CdS shell to core shell NCs is presented 

here, with details regarding shell precursor solution preparation following immediately after.  

CdSe NCs (4.96 nm diameter, 9.1 E-8 moles of NCs) in hexanes (4.75 mL) were transferred to a 

Selenium (Se) 0.7896 g 10 mmol Se Solution 

Tributylphosphine (TBP) 2.3267 g 11.5 mmol Inject at 250 C 

Octadecene (ODE) 3.58 g 14.2 mmol Grow at 240C  2 

min 

Cadmium Oxide (CdO) 0.1285 g 1 mmol Heat to 200C until  

Oleic Acid  1.1299 g 4 mmol Clear.  

ODE 10.0992 g ~12.7 mL  (under Ar) 

Trioctylphosphine oxide 

(TOPO) 

2.5364 g 6.56 mmol  

Octadecylamine (ODA) 7.5127 g 28.81 mmol   

Table 2.1-1 Typical parameters for NC synthesis 
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50 mL, 3-neck round bottomed flask (flame dried under vacuum and back-filled with argon) 

equipped with a Vigreux column and thermocouple.  ODA (0.15g) and ODE(5.0g previously 

degassed) were added and the mixture was placed under vacuum with magnetic stirring.  A heating 

mantel was used to maintain the mixture at room temperature.  Vacuum was periodically increased 

until fully applied (applied vacuum typically capable of reaching a pressure of 50 mTorr).  The 

apparatus was maintained under dynamic vacuum for 30 minutes to remove hexanes, and then 

heated to 100 ºC for approximately 10 minutes, before back-filling with argon.  Temperature was 

increased to 240 ºC.  The first shell component addition consisting of one mL of Cd precursor, 

0.04M, was injected rapidly, and a reaction time of 6 minutes allowed, during which the 

temperature was returned to 240 ºC.   The S precursor (0.04M), one mL, was added drop-wise over 

sufficient time as to maintain the temperature as close to 240 ºC as possible, typically one to two 

minutes.  A growth time of six minutes at growth temperature was also allowed after completion 

of the drop-wise addition.  The addition cycle was repeated, with an increase in the precursor 

solution volume to account for the increase in NC surface atoms (see calculations section 

APPENDIX B : CORE/SHELL SYNTHESIS CALCULATIONS).  Here each addition for the 

second monolayer of CdS consisted of 1.42 mL, (0.04M) of each of the Cd and S precursor, added 

with the same consideration of temperature and growth time between additions as described 

before.  After growth was allowed for the final addition, the system was cooled, assisted by passing 

a stream of compressed air over the surface of the round-bottomed flask.  The as synthesized 

core/shell NCs were then purified in the same fashion as their core counterparts, presented in 

section 2.1.6. 
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2.1.5.1 Shell Precursor Solutions 

Shell precursor injection solutions were prepared based on calculations presented in Appendix A, 

as follows. 

Cd injection Solution: 

 CdO (0.0615g), Oleic acid (1.083g), ODE (10.8mL, degassed), were transferred to a flame 

dried Schlenk flask and heated with magnetic stirring to 200 ºC, under positive argon. Solutions 

were clear and colorless within 30 minutes, at which point they were allowed to cool to and 

maintained at 100ºC for use. 

S injection Solution: 

Sulfur powder (0.0128g) and ODE (10mL, degassed) was transferred to a flame dried Schlenk 

flask and heated with magnetic stirring to 220 ºC, under positive argon. Solutions were clear and 

slightly yellow within 30 minutes, at which point they were allowed to cool to room temperature 

for use. 

 

2.1.6 Purification  

NC purification using dispersion followed by precipitation remains a commonly used but 

extremely practitioner dependent method of NC isolation.  While a ubiquitous procedures 

involving the repeated use of exact volumes of dispersing solvent and precipitating solvent would 

be ideal, the variability in NC concentration, diameter and surface coverage, not only between 

synthetic batches but between purification cycles, make such a procedure impractical, and attempts 

at this type of purification using consistent dispersion-precipitation solvent volumes often results 

in great variability in the NC surface from batch to batch, as was observed in the suspected 
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variations in NC microstructure presented during the analysis of energy and charge transfer in 

Chapter 4.  It was determined that adjusting the precipitating solvent volume at each purification 

cycle determined in a more practical method of NC purification and provided consistently stable 

and uniformly behaving NCs during NC polymer mixing studies while examining NC 

microstructures in a polymer host.  The procedure follows. 

For a typical synthesis, as synthesized NCs, after the addition of chloroform to maintain 

dispersion, were transferred to 50 mL centrifuge tubes, to a volume in each no greater than 20mL.  

The dispersions, while being deep in color, were clear, scattering laser light but lacking turbidity 

to the naked eye.  To each was then slowly added acetone, with the formation of an obvious turbid 

colloidal appearance.  Initially, frequent agitation results in the disappearance of turbidity and the 

clear dispersion are returned.  Acetone is continuously added, to near equal amounts of starting 

dispersion volume, but only until the appearance of the dispersion, changed from a deep-red to a 

clearly turbid dull-pink, just persists despite further vigorous stirring.  Separation of the flocculate 

and supernatant was carried out through centrifugation at 7,000 RPM for 5 minutes.  Supernatant 

was decanted from the formed pellet of NCs, and the pellet dispersed in chloroform (~5mL), 

resulting in clear dispersion once again.  At this stage, NCs were considered to have gone through 

one precipitation–re-dispersion cycle (1x cleaning).  The precipitation–re-dispersion cycles, each 

consisting of the addition of acetone until turbidity persists upon vigorous stirring (typically less 

than the volume of chloroform used for dispersion), followed by centrifugation, isolation of a pellet 

of NCs and re-dispersion into chloroform was repeated twice more to obtain the 3x NCs, and thrice 

more for the 4x NCs, with the final pellet to be recovered (~200mg) being gently dried under a 

stream of nitrogen to remove any residual acetone, before being  dispersed in an appropriate 

solvent for each application, such as in chlorobenzene for wet processing of NC/polymer active 
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layers.  The dynamic NC surface from batch to batch as well as during the multiple precipitation 

cycles begs the on the fly modification of the precipitation procedure to consistently produce stable 

NC dispersions for processing.  The significant effects of the resulting small differences in surface 

area are examined in Chapter 4. 

Though anecdotal, of note here is that NCs taken through only two purification cycles had an 

obvious excess of ligand, visible over storage times of weeks, in the form of white precipitate.  

Similarly, four precipitation cycles resulted in obvious aggregation of NCs, and formation of a 

deeply colored ring at the base of the storage vial, while NCs taken through 3 cycles, continue to 

be stable in dispersions under argon at a concentration of 18mg/mL even after more than 12 

months.  The exception here being NCs with diameters greater that 5 nm which show some 

precipitate after several months, even with three precipitations, 

 

2.2   NC Characterization  

2.2.3 UV-Visible and Photoluminescence spectroscopy  

Optical absorption spectra of dispersions were collected at room temperature on an Agilent 8453 

A linear diode array UV-visible spectrophotometer using a 1-cm quartz cuvette (0.1 s integration 

time, 1 nm resolution).   Samples were prepared by diluting a known quantity of dispersed NCs 

with chloroform to an approximate absorbance of 0.5 A.U., immediately prior to recording spectra.  

From the position of the first excitonic absorption peak and its corresponding absorbance value, 

NC diameter and extinction coefficients were calculated using calibrations developed by Yu et al 

112.  During the preparation of this manuscript, the author became aware of a re-examination of 

size dependent absorption properties by Jasieniak et al.18 which suggested slightly different values 
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then those reported herein.   However, the values reported by Jasieniak et al. were in reasonable 

agreement, on the order of 1%, within the size regime studied here. NC diameter, extinction 

coefficient and concentration calculations are described in great detail in Appendix A with regards 

to addition of a CdS shell. 

2.2.4 Quantum yield 

Quantum yield (QY) was determined using Equation 2.2-1, where QYR, the quantum yield for 

Rhodamine 101 is taken to be approximately 1.  Typically, the ratio of absorbance at the excitation 

wavelength for both the Rhodamine solution (AR) and the NC dispersion (ANC), was set to one by 

adjusting sample concentrations. Photoluminescence measurements of Rhodamine 101 in Ethanol 

(refractive index of ethanol RR equal to 1.3611) and NCs in chloroform (refractive index of 

chloroform, RNC equal to1.4459) were measured using a Quanta Master 40 steady state 

fluorescence spectrofluorometer from Photon Technology International (PTI). 

 

Thin film PL was similarly measured by placing the 1 inch substrates in a film holder which 

replaced the cuvette holder in the PTI instrument, film surface angled at 20° normal to the incident 

excitation. 

2.2.5 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis was carried out under an argon atmosphere using a TA instruments 

2900 series instrument.  Dry NC samples were added to a flame cleaned, tarred platinum pan, at 

𝑄𝑌𝑁𝐶 = 𝑄𝑌𝑅 ×
𝑃𝐿𝑁𝐶

𝑃𝐿𝑅
×

𝐴𝑅

𝐴𝑁𝐶
×

𝑅𝑁𝐶
2

𝑅𝑅
2  

Equation 2.2-1 used for determination of Quantum Yield 
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a mass between 3 and 5mg.  Samples were heated at a rate of 10 °C/minute, from 50 °C to 600 

°C.    

 

2.3 2.3 NC Film Processing  

2.3.3 Measuring film thickness (AFM) 

Film thicknesses were measured on either ITO of Silicon substrates, by scoring the 1-inch square 

film twice along one axis (approximately 1/3rd and 2/3rd inch from the edge), then twice 

perpendicular to the first scores, with the same spacing, providing exposure of the substrate 

through the film across multiple regions of the film. Both depth analysis and section analysis were 

carried out using Atomic Force Microscopy at multiple points across the film, using a Digital 

Instruments atomic force microscope (Veeco, Model Dimension 3100). Silicon cantilevers 

(Mikromasch) were used in tapping mode, and images were recorded at a scan rate of 0.5 Hz with 

square image sizes varying from 2 to 10μm sides.  Typical data for Section analysis and depth 

analysis are shown in Figure 2.3-1 and Figure 2.3-2 respectively. 
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Figure 2.3-1  Section analysis method of determining Film thickness by AFM 

 



48 

 

 

 

 

 

 

 

2.3.4 Spin Casting NC and NC/polymer blend films (PEDOT,NC,Polymer) 

Immediately upon etching with HI, substrates were transferred to a spin coater (Laurell 

Technologies Corporation: MODEL WS-400BZ-6NPP/LITE) for immediate addition of either a 

NC, polymer, or blend film.  Spin coating parameters for all materials were adjusted accordingly 

based on optimized conditions determined through thickness measurements as follows. 

 

Figure 2.3-2 Depth analysis method of determining film thickness by AFM 
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2.3.4.1 PEDOT: PSS 

In studies of energy and charge transfer, LEDs were fabricated with an additional layer of Poly(3,4-

ethylenedioxythiophene)-poly (styrene sulfonate) (PEDOT: PSS), CLEVIOS™ P VP AI 4083. 

PEDOT: PSS, having been stored under refrigeration, was filtered into a glass scintillation vial 

through a syringe filter (Whatman 0.45um) using a Tuberculin syringe (Norm-Ject, 5mL) 

immediately prior to etching the substrate.  Approximately 1mL PEDOT: PSS (sufficient to 

completely cover the 1 inch square substrate) was added to the substrate surface using a plastic 

1mL pipette.  After 5 seconds, spinning was initiated (acceleration of 15, reaching a rate of 3000 

rpm for 1 minute).  Immediately after deposition, the substrate was placed on a 120 °C hot plate 

for ten minutes to anneal the polymer.  Subsequently, the substrate was returned to the spin coater 

and briefly spun (30 seconds) to cool before repeating the deposition and annealing procedure for 

a second layer of PEDOT: PSS, for a total film thickness of approximately 50nm.  After this second 

annealing, the substrate was again spun for ~30 seconds to cool before applying the polymer active 

layer 

2.3.4.2 POLYFLUORENE  

The polymer used in energy and charge transfer studies was the polyfluorene, Poly[9,9-di-(2-

ethylhexyl)-fluorenyl-2,7-diyl] (referred to henceforth as PFO), obtained from American Dye 

Source, Inc. Figure 2.3-3.  PFO was dissolved in Chlorobenzene, 99%, to variable concentrations 

to study concentration effects on film thickness.  Solutions were briefly sonicated to ensure 

dissolution then filtered through a 0.45um syringe filter.  Using a micropipette, 560 uL of the 

polymer solution was deposited on a 1 inch square ITO substrate, with Spinning initiated 5 seconds 

after deposition, spinning at 2000RPM for 2 minutes with an acceleration setting of 15.  A plot of 

film thickness as a function of polymer concentration showed an obvious deviation from linearity 
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(Figure 2.3-4) above concentrations greater than 2% wt/wt (22.6 mg/mL), likely due to an increase 

in solution viscosity at higher concentrations where reptation may occur.  To maintain consistent 

film thickness throughout this work, all polymer and NC/polymer blend solution were prepared at 

a total solution (NC and polymer) concentration below 22.6mg/mL 

 

Maintaining below this concentration was presumed to be sufficient to minimize entanglement and 

allow mixing of the NCs into the polymer host matrix. This particular concentration was predicted 

to produce 70nm thick films based on data shown in Figure 2.3-4 

 

Figure 2.3-3 Ambivalent Light emitting 

homopolymer (polyfluorene) Absorbance max: 

385; PL max 
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2.3.4.3 Film Thickness Calibrations 

While film thickness has demonstrated a linear response to poly(N,N’-bis(4-butylphenyl)-N,N’-

bis(phenyl)benzidine (poly-TPD) concentration, regardless of addition of nanocrystals 113, this 

linearity was observed to stray for films prepared using a polymer concentration of 1.5 wt%, even 

at low NC loading, where less than 50% wt/wt of Octadecylamine capped CdSe Nanocrystals was 

 

Figure 2.3-4  Plot of Spin Cast Film thickness (measured by AFM) 

vs concentration of PFO in chlorobenzene 
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added.  When increasing mass of NCs added (from 0 to 30% wt/wt) the film thickness was 

observed to increase from 40 to 60nm, despite the assumption that such addition would interrupt 

intra chain interactions possibly causing a lowering in viscosity. This large deviation in thickness 

with increasing NC concentration made comparison between samples unreliable.  As such, blend 

solutions for spin casting were prepared maintaining the total mass per volume spinning solution 

constant. Calculated values for these preparations are presented in Table 2.3-1.  Solutions were 

prepared in 3 mL scintillation vials by combining the determined amounts of each of the 2 wt% 

solutions in chlorobenzene. Solutions were sonicated for 30 seconds prior to being spin cast.  To 

a 1 inch square HI etched ITO slides, was added the blend solution (640 uL) with spinning initiated 

5 seconds after deposition, spinning at 2000RPM for 2 minutes with an acceleration of 15, as 

described for the PFO only films.  The resulting film thickness and roughness for films with NC 

loading pertinent to this work, as measured by AFM, are presented in  Table 2.3-2 
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maintains wt % of NC and polymer total constant  

solvent 

density 

(g/mL)       
CLBZ 1.11 *total volume needed (assumes negligible solid volume  

wt% 

NC 

solution 

wt%         

Poly 

sltn       

2 2       
22.6 mg/mL       

NC sltn     

(mL) 

Poly 

sltn 

(mL) 

solvent 

(g)* 

mass nc 

(mg) 

mass 

Poly 

(mg) 

desired 

wt% 

NC 

Tot Sltn 

volume* 

(mL) 

0 1.2 1.32 0 26.94 0 1.2 

0.06 1.14 1.32 1.35 25.59 5 1.2 

0.12 1.08 1.32 2.69 24.24 10 1.2 

0.18 1.02 1.32 4.04 22.9 15 1.2 

0.36 0.84 1.32 8.08 18.86 30 1.2 

0.6 0.6 1.32 13.47 13.47 50 1.2 

Table 2.3-1 Parameters used to prepare NC/polymer blend films, 

keeping total mass concentration constant 

 

NC 
wt% 

Thickness 
nm roughness 

0 77 1.67 

10 68 3.34 

30 62 2.90 

50 53 3.97 
Table 2.3-2 Thickness of NC/polymer blend films at variable NC loading, while 

maintaining total NC and polymer mass per volume in casting solution constant. 
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2.3.5 Ligand exchanging in thin films 

Though film modification was not used in these particular studies, it was examined briefly as a 

means of controlling inter-particle spacing, and the general procedure used will be presented here 

briefly.  NC dispersions in octane (~30 mg/mL) were spin cast at 1000 RPM for 1 minute.  Films 

were then soaked in a 1.0 mM acetonitrile solution of ethylene diamine for 30 seconds, then dipped 

in a fresh acetonitrile bath before being dried using a stream of nitrogen.  This process of spin 

casting and soaking can then be repeated, adding approximately 30nm of amine exchanged film 

for each cycle.   

 

 

 

2.4 LED Fabrication and Characterization 

A typical procedure for device fabrication is presented briefly here, with greater detail for each 

step in the process presented separately by section below and in the previous processing section, 

2.3.  NC/polymer blend solutions for spin coating were prepared by combining a purified NC 

solution in chlorobenzene (360 uL of 18.2 mg/mL) with polymer solution in chlorobenzene (840 

uL of 18.2mg/mL).  Patterned ITO/glass substrates with approximately 150nm ITO were HI etched 

immediately prior to use as bottom substrates.  PEDOT:PSS (filtered using a 0.45um PTFE syringe 

filter) was deposited by two successive cycles of spin coating then annealing at 120 ºC for 10 

minutes producing a ~50nm thick film.  The 1.6 wt% NC:Polymer mixture in chlorobenzene (30 

wt% NC loading) was then applied by spin coating in air followed by immediate transfer to a High 

Vacuum Chamber where an aluminum (Alfa Aesar) top contact (100nm) was deposited at a rate 

of ~1.5 Å/sec, ~5E-7 Torr.  Devices were left under vacuum for 1 hour after contact deposition to 

cool, before bringing to atmosphere and being removed from the deposition chamber.  Devices 
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were then transferred to a nitrogen glove box for characterization.  In some cases, the aluminum 

top contact appeared milky as opposed to mirror like in finish, this was attributed to an increase in 

the active layer surface roughness, but did not seem to have a significant effect on device 

characterization.     

 

2.4.3 ITO Substrate Preparation 

2.4.3.1 Pre Treatment 

Commercial Indium Tin Oxide coated glass sheets (Colorado Concept Coating LLC.), were cut into 

one inch squares using an oiled glass cutter.   Substrates were then cleaned to ensure removal of 

glass cutting oil using the following procedure:  1) detergent cleaning by hand using a microfiber 

cloth and a 10 % Triton X-100 (Alfa Aesar) solution.  2) Sonication in 10% Triton X for 15 minutes.  

3) Hand washing with DI water 4) Sonication in DI water (2 times, ~10 minutes each). 5) 

Sonication Ethanol (EtOH) for 15 minutes before storing in fresh EtOH for future use. 

2.4.3.2 Patterning 

ITO substrates were removed from EtOH and dried with a stream of nitrogen.  Parafilm was used 

to cover the ITO face of the slide, applying pressure to ensure removal of air bubbles, and briefly 

heated with a heat gun to promote adhesion (complete when parafilm becomes clear).  Upon 

cooling, a mask was used as a guide to cut away parafilm from the area to be etched, using a razor, 

leaving behind an hour glass shaped strip of IT, as illustrated in Figure 2.4-1 
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2.4.3.3 ITO Substrate Etching: 

 Using plastic tweezers, Substrates (masked with parafilm) were dipped in a solution of 

FeCl3 (0.5141g) in HCl (12M, 10mL) heated (with stirring by a magnetic stirrer) to near 

boiling (~160 °C).  This recipe was doubled to generate 20mL of etching solution when etching 

individual substrates and scaled up linearly to provide up to 150mL of etching solution when 

etching multiple substrates using a glass dipping apparatus Figure 2.4-2.  Formation of bubbles at 

the ITO surface was observed and the substrates were kept in the etching solution until bubbling 

subsided, (approximately 15 seconds) indicating compete etching.  Substrates were then removed 

from the etching solution and rinsed with copious amounts of DI water to remove residual etching 

 

Figure 2.4-1 ITO mask used for etching substrates 
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solution.  Substrates were then dried under a stream of nitrogen (or lab air) before stripping 

(peeling) the remaining parafilm coating.   

Substrates were then sonicated in hexanes for 15 minutes followed by sonication twice for 

15 minutes in DI water, once more with EtOH then stored in EtOH.  Alternatively, if substrates 

are to be used immediately, after removing the remaining parafilm they may be sonicated in 

hexanes and used. 

 

2.4.3.4 HI etching 

Once substrates were patterned and cleaned of any residue from the etching process, their surface 

was treated with a dilute solution of Hydro iodic acid, 55%, Sigma-Aldrich, to remove any 

carbonaceous species from the ITO surface, as well as to prepare a more reactive surface.  

Substrates were placed ITO up onto a scintillation vial, and sufficient HI solution to cover the 

surface of the substrate, approximately 1 mL, was added.  The solution was allowed to etch for 5 

 

Figure 2.4-2 Dipping 

apparatus for multi-substrate 

etching 
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seconds, before rinsing the surface with copious amounts of DI water, then drying using a stream 

of nitrogen, followed by immediate use for active layer deposition, as described in section 2.3.  

2.4.4 Deposition of metal contacts 

Aluminum top contacts (Alfa Aesar) were deposited from 99.999% rated material, primarily 

through thermal deposition, using a mask as shown in Figure 2.4-3.  The area of overlap between 

the exposed top contact mask and the remaining ITO determined the device areas, 0.064 cm2.  

Device substrates were placed under high vacuum, typically loaded from atmospheric conditions 

directly into the vacuum chamber, but also loaded through a glove box when films were prepared 

under inert atmosphere.  Upon reaching pressures below 1E-6 Torr, the rate of Al deposition was 

stabilized to approximately 0.4 Å/sec, rate and thickness of the deposited materials were monitored 

using a quartz crystal oscillator in conjunction with Inficon QPOD software described with great 

detail elsewhere 114. After deposition of the first 20nm at this rate, deposition was increased to a 

rate of approximately 1.5 Å/sec for the remainder of the deposition, to a thickness of 100nm.  

Attempts to use electron beam evaporation for aluminum deposition, though faster, resulted in 

variable results, with devices often shorting, presumably due to higher energy deposition, though 

further examination of this technique was discontinued in favor of the more reliable thermal 

deposition. 
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2.4.5 Current Voltage and Electroluminescence measurements  

Current-Voltage measurements were taken under inert atmosphere, in a glove box under 

nitrogen, using a Keithly 2400 source meter coupled to PC with Lab View (National 

Instruments).  Electroluminescence was collected using an integrating sphere, fiber coupled to a 

multichannel triple grating CCD monochromator (Horiba Jobin Yvon Triax190)  Parameters for 

both the current-voltage (IV) testing and the Electroluminescence (EL) detection are outlined in 

Table 2.4-1.  Because of software incompatibilities, the IV testing and EL detection could not 

practically be triggered simultaneously.  In order to compare IV and EL characteristics, the 

change in current in terms of time was determined using the outlined parameters, as was the time 

passed during each spectrum acquisition.  Using these two values, a change in potential 

associated with each spectrum taken was established.  These calculations were adjusted 

accordingly as any measurement parameters were adjusted. 

 

Figure 2.4-3 Mask for deposition of 

LED top contact 
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2.4.6 High Resolution Transmission Electron Microscopy of device Cross Sections  

A Hitachi H8100 TEM operating at 200 kV was used to capture images of device cross sections 

through the helpful collaboration of Phil Anderson in the University Spectroscopy and Imaging 

Facility. Cross section samples were prepared by staff at the John M. Cowley Center for High 

Resolution Electron Microscopy at Arizona state university using a FEI Nova 200 NanoLab 

focused ion beam to mill and lift out an electron-transparent sample.  

2.4.7 Computational approach to Percolation 

For the purpose of emphasizing the necessity for directed assembly of NCs at the loading of NCs 

used in this work, a simple Bernoulli percolation model was used to model the percolation 

threshold.  Based on this approach, the probability of long range connectivity of NCs through a 

IV   Triax 

start (V) 0  start (nm) 400 

end (V) 5  end (nm) 700 

range (V) 5  slit (mm) 1 

increment 
(V) 0.002  grating 300 

dwell (s) 0.005  cycles 40 

duration (s) 235.2  delay (s)  1 

V/s 0.021  

exposure 
(s) 2 

s/V 47.04  

duration 
(s) 222.5 

    cycle/s 0.179775 

Volts/cycle 0.118   s/cycle 5.5625 

Table 2.4-1 Synchronization of current-voltage 

measurements and electroluminescence detection 
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polymer film as a function of loading by volume was determined using MATLAB, with random 

placement of NCs.  Details can be found in Appendix B. 

2.5 Highly Luminescent CdSe/CdS Core/Shell NC Diffraction Gratings  

2.5.3 Micro-contact Stamping NC dispersion  

While the process used to measure diffraction and in-coupling varied slightly from previous work 

in this lab because of the increase in diffraction grating PL afforded by use of core/shell NCs, the 

process for preparing NC diffraction gratings through micro-contact stamping of NC based inks 

was well developed and described by Clayton Shallcross, previously in this lab 57, 115  An excerpt 

from the previous work is presented below in italics, with details specific to this dissertation in 

bold.    

PDMS replicas were produced using one blazed (1200 grooves/mm, blaze angle = 36 degrees) 

aluminum-coated master gratings. A PTFE container which held the masters was filled with a 

well-mixed (~ 1 minute) gel of 10:1 (w/w) of SYLGARD silicone elastomer 184 and SYLGARD 

184 curing agent  (both obtained from Dow Chemicals) covered and allowed to rest for ca. 1 

hour in order to completely degas, freeing all air bubbles from the PDMS. An oven (120 °C, 1.5 

hours) was used to speed up the PDMS curing process. Prior to inking the PDMS replicas, a 0.5 

wt% dispersion of NCs in toluene, which were purified as described in Section 2.1.6, were 

filtered through a 0.2 μm PTFE disk filter and then sonicated for 15 minutes. The stamp was then 

“inked” by dropcasting 100 μL of a well dispersed nanocrystal dispersion in toluene onto an 

angled (ca. 15 °) PDMS substrate (sonicated for 15 minutes in ethanol after removal from the 

mold) and allowed to dry in a covered petri dish. After the nanocrystal ink was completely dried 

on the PDMS, the stamp was placed in a custom built stamping jig and pressure molded onto 

freshly cleaned ITO. 
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2.5.4 Diffraction and In-coupling Efficiency  

Diffraction Efficiency (DE) and in-coupling efficient (IE) measurements were taken with 

incident excitation on the grating structure from a 488 nm (1.5 mW) laser either normal to, or at 

12° from normal, for DE and IE respectively. The grating was placed at the center of a rotation 

stage, where a photodetector was rotated around the sample, as illustrated in Figure 2.5-1, in 

order to measure transmitted, diffracted and reflected power.  Due to space constraints with 

regards to sample translation, only one spot per sample was measured, and any statistical 

comparison is between samples. 
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Figure 2.5-1 illustration of measurements used to determine Diffraction efficiency and 

In-coupling efficiency 
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2.5.5 Interfering Photoluminescence 

In a similar fashion to the measurement of diffraction, interfering PL was detected in air with the 

naked eye after excitation with a 385 nm laser.  Unavailability of this laser, however, required 

more quantitative measurements be taken using a 488 nm laser as an excitation source.  PL was 

then collected by a fiber coupled to a multichannel triple grating CCD monochromator (Horiba 

Jobin Yvon Triax190), through a long pass filter placed directly against the collection fiber, in 

order to minimize signal from the incident beam.  Data were collected in either 1° or 2° increments 

from -90 to +90° normal to the grating surface (angle adjusted manually after each data point 

collection).  A full spectrum from 550 to 750nm was collected at each data point to fully 

characterize the NC PL.  Each spectra was fit to a Gaussian and integrated to produce an angle 

dependent integrated intensity. This same process was carried out for NC films of uniform 

thickness in order to measure any variability in PL as a function of angle due to the apparatus.  

Plots of PL as a function of detection angle were generated to demonstrate radial variation in NC 

PL with peak values at angles which suggest interference of point light sources with emission 

wavelength corresponding to the NC PL.  Attempts at determining the extent of coherence of the 

NC PL (coherence being suggested by interference) were inconclusive. 
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3 CHAPTER 3: COMPARING ENERGY TRANSFER AND 

DIRECT CHARGE INJECTION IN NC/POLYMER BLEND 

LEDs 

Chapter 3 introduces the concepts of energy and charge transfer, and discusses the role of each in 

device performance in NC/polymer heterojunction LEDs.  Device data is presented demonstrating 

NC electroluminescence at various potentials with equal contribution from direct charge injection 

and energy transfer.  Ultimately, the dominant route to exciton formation will be discussed where 

it will be reasoned that while in many circumstances energy transfer may be an efficient route to 

NC excitation, direct charge injection is not mutually exclusive for a tailored NC/polymer blend 

architecture with appropriate NC passivation.  The variable architectures postulated here are 

revisited in Chapter 4 where novel surface passivation mediated induction of percolation is 

demonstrated and posed to arise from the ability of NCs to close pack during processing.  

3.1 Introduction 

In this work the relative contribution of charge transfer and energy transfer to NC 

electroluminescence for CdSe/CdS Core/Shell-NC polymer blend heterojunction active layer 

based LEDs was determined.  The active layer examined here consisted of 3.5nm core CdSe NCs 

with 2 monolayers of CdS capped predominantly with octadecylamine and TOPO, blended at 33 
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wt% in PFO.  An understanding of the relative contribution of energy and charge transfer in blend 

devices and thus the dominant pathway to excitation, is necessary to direct the optimization of 

active layer architectures and more fundamental NC properties such as size, and surface chemistry.  

It should be recognized that variability of the dominant pathway with such co-dependent 

parameters exists and as such the relative contribution must be determined for a specific set of 

parameters. These parameters, along with polymer identity, applied potential and active layer 

thickness were controlled here so that results might be related to later work studying the control 

of device architectures through NC surface modification for device optimization.   

An excellent study by Chin, Hikmet, and Janssen61 was undertaken to examine the relative 

qualitative contribution of FRET and direct charge transfer in CdSe/ZnS core shell NC/polymer 

blend films using time resolved optical spectroscopy and characterization of electroluminescent 

diodes.  It was determined that for devices with no electron transport layer, energy transfer was 

significant, but that addition of an electron transport layer changed the dominant pathway for QD 

emission to direct electron-hole recombination. While the importance of charge transfer when an 

electron transport material was applied to the cathode was demonstrated, the dependence on the 

NC size, surface and architecture was not addressed.  Similarly, at this time, Aiwei et al. 

demonstrated that the extent of energy transfer leading to NC blend device EL increased inversely 

with NC diameter, due to the increased overlap of the polymer emission and the NC absorbance. 

116  In both cases the NC:polymer wt% loading was well above the percolation threshold.  We will 

suggest here that a lower concentration of NCs in a polymer matrix may, at times be preferred and 

as such the relative contributions to NC excitation at these lower loadings requires elucidation, as 

emphasized by a more recent work carried out by  Nagaoka et al. ,60 where the size dependent 

charge transfer yields in conjugated polymer quantum dot blends at loadings of approximately 10 
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wt%, were studied and found to be inversely related to NC size.  This inverse relationship between 

size and Charge transfer was accredited to potential energetic mismatch associated with relaxed 

confinement as NC diameter increases.  The current body of work relating intrinsic NC optical and 

electronic properties to relative contributions of energy and charge transfer pathways to 

electroluminescence shows the need to better understand the interplay between NC modification 

and resultant device architecture and function. 

We aim to explore quantitatively the relative contribution of energy and charge transfer leading to 

NC luminescence, in NC polymer blend films at NC loading below that necessarily causing 

percolation, , where active layer architecture can play a significant role in determining the 

dominant pathway to excitation.  We find that despite being at a relatively low NC loading of 

33wt% where a bi-continuous network that would encourage direct charge injection is not 

necessarily expected, that NC excitation arises equally from direct charge injection as opposed to 

predominantly due to energy transfer from the polymer host. 

Brief experimental approach 

The approach taken here consists of first examining the effect of NC loading in polymer blend 

films on photoluminescence and electroluminescence in order to identify a NC concentration that 

provides sufficient signal for analysis while remaining below the percolation threshold, 

maintaining results viable for comparison to later active layer architecture studies.  At a viable NC 

loading, the expected NC luminescence arising from direct photo-excitation of the NCs in a typical 

film is determined by examining films composed of NCs and polyvinyl carbazole (PVK).  Next 

the contribution of energy transfer from the blue emitting polymer (PFO) is determined by 

comparing characteristic NC PL from both PVK and PFO films excited at 350nm.  Any increase 

in the NC luminescence relative to that expected based on the previous PVK data is presumed to 



68 

 

 

arise from energy transfer from the PFO.  These data provide the expected contribution of energy 

transfer to the NC luminescence.  Finally, devices containing active layers composed of identical 

films are characterized.  By normalizing the PFO component of luminescence from the PL and EL 

studies, the expected amount of NC luminescence due to energy transfer can be subtracted from 

the ET spectra resulting in NC luminescence arising from direct charge injection to the NCs.  In 

this manner, a quantitative contribution of the two excitation pathways is determined.   

3.2 Loading Effects on Nanocrystal Photoluminescence and Electroluminescence in a 

polymer host 

As described in the experimental chapter, PFO/NC dispersions in chlorobenzene prepared such 

that the NC loading relative to polymer host (wt/wt) varied, while the total mass per solution 

volume was kept constant at 2 wt% (22.6 mg/mL) in order to maintain consistent film thickness 

between active layer films studied throughout this work.  Film thickness was found, by AFM, to 

be approximately 65 nm, and was later corroborated by high resolution Transmission electron 

microscopy of cross sections, of functional devices. 

Typical absorbance, photoluminescence and Electroluminescence for core shell NCs (~4.2 nm 

core with two monolayers of CdS shell capped with TOPO and octadecylamine) are shown in 

Figure 3.2-1, we see that there is a stokes shift from the lowest energy peak absorbance (590 nm) 

to the Photoluminescence (600 nm).  Similarly, both a broadening and further red shift is often 

observed in the electroluminescence spectrum, where the larger red shift can be attributed to some 

extent to electric field effects on energy levels, discussed further in Chapter 5.  It is notable in the 

EL spectra that a small peak is also observed in many cases red shifted by approximately 0.3 eV, 

which will also be described as trap emission, in Chapter 5. 
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3.2.3  Photoluminescence 

3.2.3.1 Direct Photo excitation 

Photoluminescence measurements of NC/PVK blend films at various NC loadings were carried 

out to both help determine optimal NC loading for energy/charge transfer studies, and to establish 

the expected NC luminescence arising from direct photo excitation of NCs in blend films. PVK 

has only a tailing absorbance at 350 nm, Figure 3.2-1, and thus polymer photoluminescence is 

demonstrated to be negligible, as can be seen in Figure 3.2-2  where the PVK control shows near 

undetectable emission when excited at 350 nm; as such any energy transfer from the PVK to the 

NC guest particles is assumed to be negligible and any NC PL can be attributed to direct photo 

 

Figure 3.2-1 CdSe/CdS Core/Shell NC control LED, solution absorbance, film 

photoluminescence and NC Electroluminescence of a 30 wt% NC in PFO blend LED 

operating at 7 volts.  
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excitation of the NCs.  As expected, the NC PL increases with loading, however, it tapers off at 

higher concentrations.  This can be explained as a demonstration of self-quenching.  Assuming 

well dispersed NCs, inter-particle spacing on the order of the FRET radius, roughly 4-6 nm for 

particles of this size, is reached at approximately 30 wt% in PVK, increasing the probability of 

energy transfer between NCs and leading to an increased likelihood of exciton formation on a less 

passivated particle where gap states provide additional non-radiative pathways to relaxation 

effectively quenching.    

 

The critical result to take from these data, illustrated in the inset of Figure 3.2-2 where the relative 

integrated NC PL as a function of loading is shown, is the expected NC PL due to direct photo 

 

Figure 3.2-2: NC emission in PVK matrix at various NC wt% loading.  The inset is a 

plot of integrated NC PL as a function of increasing NC loading. 
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excitation where, for instance, a NC/polymer blend film at 33% loading is expected to have a NC 

PL intensity approximately 44 % that of its NC control film of similar thickness.  

 

 

 

Energy Transfer 

The contribution of energy transfer from a polymer host to NC luminescence was determined by 

examining PL spectra as a function of NC loading in PFO. Figure 3.2-3 shows the inverse 

relationship between PFO and NC luminescence as a function of NC loading where PFO and NC 

luminescence is quenched and enhanced, respectively, caused by ET to the NCs.  As NC loading 

increases, the increase in NC PL is attributed in part to a small expected increase due to direct 

photoexcitation of an increased number of  
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Figure 3.2-3 NC PFO blend film photoluminescence as a 

function of NC loading (wt/wt) 
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emissive particles (as described in Figure 3.2-2), but primarily to energy transfer from the polymer 

host.  The expected direct excitation component was subtracted in order to probe the extent of 

energy transfer.  Figure 3.2-4 shows the original blend PL spectrum for a 33 wt% film (blue dashed 

line) with the corresponding NC control PL (dashed red line) for reference.  The determined NC 

luminescence due to direct excitation in this film is then 44% of the control film PL (red filled 

peak).  Subtracting this direct excitation component 

 

Figure 3.2-4 Correction of blend film PL by subtraction of 

the direct photo excitation component of NC luminescence, 

determined form PL studies of NCs in PVK. 
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results in a corrected blend film PL spectrum whose NC luminescence arises solely due to energy 

transfer from the polymer host (solid black line). Deconstruction of the corrected PL spectra into 

PFO and NC components allows for the quantitative determination of expected NC PL due to 

energy transfer at a predetermined loading, relative to a measured polymer PL.  Figure 3.2-5 shows 

the resultant deconstruction for the 33wt% sample.  Because the PFO PL profile varied with 

loading, 

  

 

Figure 3.2-5: Deconstruction of NC/PFO film PL to obtain NC 

component of PL 
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presumed to be affected by changes in the local chemical environment associated with an increase 

in NC density, a model system was necessarily prepared consisting of core NCs with a matched 

absorbance spectrum, that were excessively cleaned post synthesis to ensure an insignificant 

quantum yield.  PFO/NC blends using these NCs resulted in negligibly detectable NC PL, Figure 

3.2-6, and thus PL spectra that could be used as a baseline for the deconstruction of the PL spectra 

in Figure 3.2-3.   The previously described method of deconstruction was then carried out at all 

loadings probed to determine the extent of Energy transfer as a function of NC loading in blend 

films.  Over three trials using the 4.4 nm core shell NCs described previously (3 nm core), the NC 

 

Figure 3.2-6 PL spectra for 3.5nm core CdSe NC/PFO blend films at various loading 

wt/wt.  NCs were purposefully cleaned excessively to diminish QY .  The dotted 

spectra is the scaled NC PL plotted here to emphasize the lack of detected NC 

luminescence in these blend films 
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component of PL (arising from both direct excitation and energy transfer for excitation at 350nm) 

in PFO blend films was measured and the integrated intensity plotted against loading is shown in 

Figure 3.2-7, along with the corresponding NC PL from similar thickness NC PVK films. 

 

 

 

 

 

 

 

 

Figure 3.2-7: Integrated emission intensity arising from NC component of 

PL spectrum for blend films with varying NC loading 

 



77 

 

 

The observed difference between the PFO and PVK films is again attributed to energy transfer 

from the PFO, while the peak NC luminescence, seen at approximately 33 wt%.  here, is explained 

by a NC inter-particle spacing that not only minimizes self-quenching but also optimizes the 

volume of polymer within range to provide energy transfer as any point of absorbance is within 

the FRET radius of a NC, assuming uniform distribution.   

Throughout the various loading, NCs are directly photo excited but also take advantage of the 

polymer’s high absorptivity which results in additional NC excitation, beyond that which could be 

achieved by NC absorbance alone.  This brings to the fact that despite their high molar absorptivity, 

NCs are relatively large on the molecular level and the polymer host’s absorbance per volume can 

contribute significantly to generation of excitons on the NCs.  At loading below 33 wt% the NC 

PL increases with the number of emissive species, but above this concentration, the NCs not only 

begin to self-quench, but more importantly their volume begins to displaces polymer that might 

otherwise absorb and ET to the NCs. 

While it was not the focus of this work to examine size effects on such properties, Figure 3.2-8 

shows that this behavior was observed for various sized particles, and when normalized to their 

respective NC control films, to accommodate changes in quantum yield, the same general trend 

exists, with an increasing effect as NCs increase in size, possibly due to an increase in the polymer 

emission and NC absorbance overlap integral. 
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From the complete set of PL data presented here, the contribution of energy transfer to NC 

luminescence from a polymer host for a given NC loading is determined.  An emphasis is placed 

on the finding that despite high molar absorptivity, these NCs are large on the molecular scale and 

can benefit from the polymer host’s high absorption per volume leading to generation of excitons 

on the NC through ET that would otherwise not take place, leading to the conclusion that higher 

NC loading is not necessarily better when considering optimum generation of excitons in blend 

films. 

 

Figure 3.2-8:Integrated emission intensity arising from NC component of PL spectrum 

for core shell NC/Polymer blend films with varying loading, for multiple NC core 

diameters. Increased PL may be attributed to the additional absorbance from the 

polymer then resulting in ET to the NCs, a source of excitation previously absent in 

the PVK films  
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3.2.4 Electroluminescence 

LEDs were constructed consisting of an ITO substrate (HI etched), PEDOT:PSS, PFO/NC blend 

(4.7 nm CdSe/CdS core/shell NCs, 60nm spin cast from chlorobenzene), and a thermally deposited 

aluminum top contact (~100 nm).  The NC loading in the active layer was varied to probe loading 

effects on the resulting electroluminescent character.     The relationship between NC loading by 

wt, to the percent of film volume occupied by the NCs and the inter-particle spacing expected in a 

well-blended film were calculated, tabulated results are shown in Table 3.2-1.  Calculations were 

carried out using both the bulk density of the NCs, as well as a value determined from X-Ray 

Reflectivity measurements previously conducted, to provide a window of suspected values.  From 

these calculations, it was hypothesized that loading below 15% would result in polymer volumes 

that were outside of the FRET radius of the NCs and significant contribution of polymer 

luminescence was suspected.  Alternatively, at loading above 50%, inter-particle spacing was 

sufficiently small such that there would not be sufficient polymer to take advantage of the energy 

transfer mechanism of excitation fully; as such minimal polymer contribution to the spectra was 

expected.  Between these values, some contribution of both species was expected.  Typical EL 

spectra for these devices at a working potential of 6.5V is shown in Figure 3.2-9.  These data 

corroborate the hypothesis regarding low NC loading, where clear dominance of PFO 

luminescence is detected at 15 wt% loading.  At a high loading of 50% where NC percolation 

NC 

wt% 
NC vol% Inter-particle  

spacing (nm)          

5 2.4a       ;     1.1b 9.3a    ;    13.4b 

15 7.5a       ;     3.5b 4.9a     ;    7.6b 

30 16.5a     ;     8.1b 2.7a     ;    4.6b 

50 31.6a     ;     17.1b 1.3a     ;    2.6b 

Table 3.2-1: NC % loading in PFO wt/wt experimentally determined and vol/vol 

calculated using NC density determined by XRR (subscript a) and using the bulk value 

(subscript b) 
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necessarily occurs, the spectra is NC dominated but appears to broaden and red shift, likely due to 

emissive relaxation into gap states.  NC loadings which  

  

maintained inter-particle spacing below a calculated percolation threshold demonstrated clear NC 

band edge emission, but curiously no detected PFO contribution at this applied potential.  In 

agreement with data from the previous PL studies and this preliminary data, further relative energy 

and charge transfer studies were conducted at a NC loading of 33wt% to best take advantage of an 

inter-particle spacing that was conducive to energy transfer while not being dominated by PFO 

emission. 

 

Figure 3.2-9 Electroluminescence for LEDs containing a PFO/NC active layer at 

varying NC loading (wt/wt), operating at 6.5 V 
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3.3 Potential dependent EL character 

Focusing on the 33wt% loading films because of the desirable interparticle spacing, the potential 

dependence of the EL character was also probed.  Some variability was encountered and at times 

the spectra appeared dominated by NC band edge luminescence throughout the potential range 

studied, from zero to approximately 7 volts.  The trials of interest for this energy and charge 

transfer study, however, demonstrated a potential dependent EL spectra with band edge dominated 

EL at lower potential developing into a convoluted spectrum showing both polymer and NC 

luminescence at higher potentials, similar to those observed for the PL study. Figure 3.3-1 shows 

results for such a trial where the same 4.4 nm Core/shell NCs characterized in the previous PL 

study were used.  The potential dependence was presumed to arise from either a higher barrier to 

charge injection for the polymer relative to the NCs, or to the possible phase separation into a bi-

layer architecture that might result in a potential dependent recombination zone.  These 

possibilities are discussed further in the next chapter, but were not the focus of this particular work.  

Realizing that the determined relative contribution of energy and charge transfer would be 

characteristic of a specific applied potential, the remainder of the 
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analysis 

herein was carried out at an applied potential of 6.5V, where a clear contribution of both PFO and 

NC to the overall luminescence was detected. 

    

3.4 Energy transfer vs. charge transfer quantified 

Having established a NC loading of approximately 30% wt/wt that remained below the modeled 

percolation threshold (for use in future self-assembly studies) while providing a simultaneous 

optimum signal in PL attributed to energy transfer from a polymer host as 

 

Figure 3.3-1: Electroluminescence spectra as a function of applied potential 

suggesting the possible bi-layer phase separation known to result in a potential 

dependent recombination zone 
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well 

as the greatest intensity EL resulting from combined direct charge injection and energy transfer, 

the ratio of CT to ET was determined for this particular system.   

Deconstruction of both the EL and corrected PL spectra for the 33 wt% loading blend active layers 

allowed normalization of the spectra to the PFO component of luminescence.  A direct comparison 

of the resultant NC component of luminescence was then possible.  Results are shown in Figure 

3.4-1.  The integrated PFO luminescence (blue lines) were set equal and from the total NC 

luminescence arising from both ET and direct charge injection in the LED (red component in figure 

a) was subtracted the NC luminescence arising solely from energy transfer (shaded region).  The 

 

Figure 3.4-1 Deconstructed electroluminescence (a) and Photoluminescence (b) for PFO 

NC blend films at 33 wt% loading.  The dashed lines represent the original spectra, the 

filled spectra correspond to the NC luminescence due to ET while the solid red line in plot 

a corresponds to the total NC luminescence due to both ET and charge transfer.   
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difference between the integrated areas represents the contribution of energy transfer to the total 

NC luminescence.  It was found that the relative contribution of charge transfer to energy transfer 

for a 30wt% NC film in PFO operating at 6.5 V was 50%.  

3.5 Conclusions 

CdSe/CdS core shell NCs were incorporated into NC/polymer hybrid films in order to study, the 

effect of NC loading on photoluminescence and electroluminescence for this specific system.  The 

film photoluminescence and device electroluminescence data presented herein suggest a 

significant contribution from direct charge injection to NC electroluminescence in NC/polymer 

blend active layer devices, in variance with previously presented results. 37  The significance of 

this divergence can be found in its illustration that the dominant path to NC EL in blend devices 

is dependent not only on NC diameter,116 but also heavily sensitive to the interdependent NC 

loading, surface chemistry, and architecture. 

For the particular ~4.5nm core/shell NCs presented here, at a loading of ~30% wt/wt, well below 

the percolation threshold, with typical passivation resulting from 3 precipitation steps, the relative 

contribution of charge transfer to energy transfer is (~50%). These data are not in conflict with the 

current literature, but present a very specific set of parameters that emphasize the need to consider 

the interplay of the various NC properties on both the structure and function of these materials in 

optoelectronic devices.   

Further work should consider, individually, the effects of NC characteristics such as 

• Size (in more detail than was done here) at similar wt% loading to consider changes in the 

FRET distance associated with NC diameter 
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• Type of surface passivation, either organic or inorganic. While the thickness of the 

inorganic shell may change the effective radius for FRET, the method of addition (either 

gradual alloyed growth or abrupt step growth) or the use of an organic passivating layer 

can affect density of gap state likely to affect the relative contribution of charge and energy 

transfer.   

The challenges associated with these studies will arise in modifying one variable while maintaining 

other NC properties constant.  The following chapter illustrates this point where the effect of 

minimal changes in the ligand surface coverage cause significant changes in both NC self-

assembly and electroluminescent character. 
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4 CHAPTER 4: IMPORTANCE OF CdSe NANOCRYSTAL 

LIGAND SURFACE COVERAGE ON DISPERSION, 

MICROSTRUCTURE AND ELECTROLUMINESCENCE 

PROPERTIES IN POLYMER HOSTS 

Chapter 4 consists of a stand -alone manuscript prepared for submission to Chemistry of Materials.  

Below the manuscript are additional figures which in more detail explain some of the technical 

approaches used herein, as well as lend speculative insight from the author regarding results.  As 

such, some figures found in the manuscript are reproduced in the following further discussion for 

continuity. 
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4.1 INTRODUCTION 

For over 20 years, semiconductor NCs as components of LEDs have received considerable 

attention primarily as the result of their size tunable band gap energies and emission wavelengths. 

They have been combined with semiconducting polymer hosts which impart desirable mechanical 

properties to the hybrid films, as well as contribute to charge generation, either through FRET, or 

through transport of charge and direct injection to the NC thus facilitating recombination of charge 

carriers and electroluminescence to occur directly at the NC in hybrid active layer LEDs.37-38, 41, 

117-118  Depending on NC distribution in the polymer host, both FRET and direct charge injection 

can play a significant role in exciton generation. 39 Alternatively, an ideal microstructure would 

inject both charge carriers directly into an ensemble of NCs, without the complication of emission 

from the polymer host and the need for optimization of its charge transport characteristics. This, 

however, requires that “chain-like” NC aggregates are able to span the polymer host film from 

cathode to anode, which provide for vectoral charge transport with minimized energy barriers for 

charge hopping between adjacent NCs. 119  The mobility of both carrier types in NCs has been 

described to increase by greater than a factor of 2 per Angstrom decrease in ligand length, 79  

making clear the needed precise control of NC-NC interactions.  Similar NC/polymer constructs 

would also be attractive for PV platforms where the NC is selected to absorb light in wavelength 

regions not covered by the semiconducting polymer host (e.g. near-IR absorbance), and where NC 

domains below the exciton diffusion length and vectoral charge transport in NC aggregates is 

critical. 80-81  

NC-NC interactions are believed to be controlled by a combination of strong dipolar interactions 

and weaker dispersive forces, and that ligand surface coverage, ligand length, functionality and 

polarity play critical roles in controlling these NC-NC interactions. 54, 82-86 Semiconductor NCs are 
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known to have significant dipoles (30 to 100 Debye) which in turn affect inter-particle interactions, 

with a value of 47 Debye reported for 4.6 nm CdSe NCs 87-88 The polar nature of nanocrystals of 

the II-VI semiconductors such as CdSe, would suggest that based on their dipolar interactions 

alone, it would be possible to form a linear array of NCs, provided the ligand coverage and 

functionality along with processing conditions would allow formation of that type of aggregate 

structure. 51, 96 

Studies have shown that bi-continuous networks of NCs and polymer hosts can be prepared with 

reasonable domain sizes which can aid in charge separation, charge transport and charge 

collection. 89-91 Improvements in polymer/NC film microstructure have been associated with 

changes in NC surface modification and processing. 92-93 Typical approaches to ligand passivation 

of NCs relying on ligand exchange, either before or after formation of the polymer/NC thin film 

can often lead to incomplete ligand exchange or damage to the NC surface. 94  It is also common 

to use extremely high NC loadings (up to 90 wt%) in the polymer host to promote percolation. 78 

This, however can limit the formation of the NC/polymer interface necessary to support efficient 

charge transfer and can also result in loss of control of the NC domain size. 95  

In the current study, we focus on the importance of passivating ligand coverage on CdSe 

nanocrystals (NCs) and the control of the formation of a bi-continuous network within 

semiconducting and insulation polymer thin films, using the NCs as the emissive material in light-

emitting diode (LED) platforms.  The degree to which chain-like NC aggregates are formed that 

span the entire LED active layer is sensitive to surface coverage of the ligands (trioctylphosphine 

oxide, TOPO and octadecylamine, ODA) on the CdSe NC. The formation of such NC aggregates 

is of paramount importance in their use as emissive dopants in a wide array of LED platforms, 97 

as well as their use in light absorbing/charge transporting components in polymer/NC photovoltaic 
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(PV) platforms.44, 76-77, 98-99  Their inclusion as dopants in polymer LED platforms provides a 

straightforward way of determining whether bi-continuous NC/polymer networks are formed as 

ligand coverage is systematically altered. 

We have studied the effects of minimal changes in ligand surface coverage on the aggregation 

behavior of 4.58 nm diameter CdSe NCs in both insulating [poly(methylmethacrylate, PMMA)], 

and semiconducting [poly(fluorine), PFO] polymer hosts at NC loadings well below the estimated 

percolation threshold.  Previous studies have suggested that spherical NCs may self-assemble 

when dispersed in a polymer matrix with some dependence on the extent of ligand surface 

coverage for the NCs. 52 NCs have also been observed to self-assemble into two-dimensional 

structures by controlling the removal of the capping ligand, such as in the formation of nanowires 

from 3.4 to 5.4 nm diameter CdTe NCs capped with thioglycolic acid during controlled 

flocculation over several days of aging. 96 The high magnitude of the II-VI semiconductor quantum 

dot dipole has been determined to be a significant contributor to such behavior in CdTe NCs. 51 It 

follows that similar behavior would be observed with TOPO- and ODA-capped CdSe NCs used 

in this study.   

We found that the careful and controlled removal of phosphine and amine based ligands from as-

synthesized NCs using multiple precipitation/resuspension cycles with chloroform and acetone 

produces a stable NC dispersion that facilitates the formation of a bi-continuous network of NCs 

in spin-cast thin films created from PFO and PMMA polymer hosts in LED platforms.  NCs 

subjected to three cycles of dispersion/resuspension were found to be optimal with respect to both 

the electronic and optical properties.  Further treatment and removal of an additional 3% of the 

ligand mass from the NC surface prior to processing resulted in destabilization of the dispersion 

and NC flocculation in the thin film, producing phase separated bi-layers with NCs collected near 
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the injecting electrodes in the LED platform. Further, we found that both the presence of emissive 

deep trap states (which may diminish color purity in LEDs) and charge transport in PVs can be 

repaired through re-introduction of a slight excess of amine to the NC dispersion sufficient to 

passivate ca. 10% of the NC surface.   

We believe this to be the first example of surface coverage induced control of microstructure at 

NC loadings as low as 30% wt/wt in a solution processed polymer matrix.  Successful control of 

the degree of ligand surface coverage promises to provide nanometer-scale control of bulk 

heterojunction NC/polymer microstructures, optimizing both electroluminescence efficiency and 

possibly charge transport characteristics - required for efficient optical-electronic devices.  

 

4.2 NC Synthesis and device fabrication 

4.2.1   Materials 

All reagents and solvents used for synthesis, including cadmium oxide, oleic acid, octadecene, 

TOPO, ODA, selenium, tributylphosphine (TBP), chloroform, acetone, ethanol, ferric chloride and 

chlorobenzene (99%) were used as received from Sigma-Aldrich Corporation (St. Louis, MO).  

PEDOT:PSS (CleviosTM P VP AI 4083) obtained from Heraeus Precious Metals was filtered 

through a Whatman 0.45 µum PVDF syringe filter prior to use.  PFO was used as received from 

American Dye Source, Inc.  PMMA was used as received from Sigma-Aldrich Corp. ITO coated 

glass substrates were obtained from Colorado Concepts Coatings, LLC).  Triton X-100 was 

obtained from Alfa Aesar. 
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4.2.2    Instrumentation.   

Thermographic analyses (TGA) were performed under an argon atmosphere using a TA 

Instruments 2900 series instrument.  The temperature was increased at 10°C/minute from 50°C to 

600°C, following an initial equilibration at 50°C for 5 minutes. Typical NC samples (3 to 5 mg) 

were transferred as a powder (dried under argon) to a tared platinum pan previously cleaned with 

a butane torch. Optical absorption spectra of dispersions were obtained at room temperature using 

an Agilent 8453 A linear diode array UV-visible spectrophotometer using a 1-cm quartz cuvette 

(0.1 s integration time, 1 nm resolution).   Samples were prepared by diluting a known quantity of 

dispersed NCs with chloroform to a concentration having an approximate absorbance of 0.5 A.U. 

immediately prior to analysis.  Current–density measurements were taken in a nitrogen glove box 

with a Keithley Instruments, Inc. 2400 source meter coupled to a PC with Lab View 2011 (National 

Instruments Corp.) for data collection.  Scans were typically taken from 0.00 to 8.00 V at 2 mV 

steps.  Electroluminescence spectra were collected from devices tested in a nitrogen glove box at 

room temperature using an integrating sphere, fiber coupled to a Horiba Jobin Yvon Triax 190, 

fiber-coupled multichannel triple grating CCD monochrometer positioned outside the glove box.  

Spectra were collected over 120 mV intervals.  Device cross section images were obtained using 

a Hitachi H8100 TEM operating at 200 kV.  Device cross sections were prepared using an FEI 

Nova 200 NanoLab focused ion beam to mill and remove an electron-transparent sample (LeRoy 

Eyring Center for Solid State Science at Arizona State University, acquired under the NSF Major 

Research Instrumentation Program, with additional support from Arizona State University).    

4.2.3    Preparation of NCs.   

The NCs used throughout this study were synthesized using a slightly modified previously 

established procedure 6 and purified using various established methods 2, 66, 112, 120  Octadecylamine 
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(ODA), trioctylphosphine oxide (TOPO), tributylphosphine (TBP), and oleic acid were used as 

capping ligands.  In a typical synthesis, CdO (0.1285 g, 1 mmol), oleic acid (1.1299 g, 4 mmol) 

and degassed octadecene (10 g) were transferred under argon to a flame-dried 50 mL three-neck, 

round bottom flask equipped with a Vigreux column maintaining inert conditions.  The mixture 

was heated to 200 ºC and stirred magnetically for approximately 60 minutes or until the solution 

became clear and colorless.  Solutions were then allowed to cool to room temperature under argon.  

At the same time, Se (0.790 g, 10 mmol) and TBP (2.327 g, 11.5 mmol) were combined in a 20 

mL scintillation vial inside a nitrogen glove box.  TOPO (2.536 g) and ODA (7.513 g) were then 

added to the cadmium solution and the mixture was heated with stirring to the desired injection 

temperature, typically 250 ºC. The Se solution was then quickly added by injection.  The 

temperature was maintained at the desired growth temperature, typically 240 ºC for 5 minutes, 

then cooled under a stream of room temperature air.  This particular procedure typically yielded a 

dispersion of NCs with a maximum first transition absorbance at 585 nm.  The dispersion 

continued to grow at a sufficiently slow rate to allow monitoring of the NC size by removal of 

aliquots, then subsequently quenching the reaction when the desired NC size was attained, in this 

case 4.58 nm NC, with a typical full-width-at-half-maximum diameter less than 30 nm.  After 

cooling to approximately 60 ºC (slightly above the melting point of TOPO), anhydrous chloroform 

(10 mL) was added to the reaction mixture in order to maintain the dispersion in a liquid state and 

to aid in the removal of unreacted cadmium and selenium.  Acetone was then added (ca. 20 mL) 

until the solution changed from deep-red to a dull pink color that persisted when vigorously stirred.  

The mixture was then centrifuged at 6,000 RPM (4,830 RCF) for 5 minutes.  The supernatant was 

decanted and the pellet was suspended in chloroform, yielding a clear dispersion.  At this stage, 

NCs were considered to have gone through one precipitation–dispersion cycle.  The precipitation–
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dispersion cycles, each consisting of the addition of acetone until turbidity persisted despite 

vigorous stirring, followed by centrifugation, isolation of the pellet of NCs and dispersion into 

chloroform were repeated to obtain 2x, 3x and 4x NCs.  The final dispersion was made into 

chlorobenzene for wet processing of samples or devices.  NC diameter and extinction coefficients 

were calculated using calibrations developed by Yu et al 112 Chloroform was chosen as the 

dispersing solvent because of the high NC concentrations attainable while maintaining clarity of 

the NC/solvent dispersions relative to other solvents such as hexanes and toluene.  Acetone was 

chosen as the precipitating non-solvent in lieu of short chain alcohols which have also been used 

for this purpose 4, 121 in order to avoid surface modification via ligand exchange or surface etching. 

66 This procedure also facilitated control over the extent of surface passivation.   

Preparation of 3x and 4x CdSe NCs in PFO thin films.  These thin films were created by spin 

coating from a 2% dispersion (wt/wt) of NCs and PFO in chlorobenzene at spin-speeds of 1000 

RPM without annealing to create a 60 nm NC/PFO blended active layer (at 30% NC loading 

(wt/wt) followed by thermal deposition of a 100 nm aluminum top contact.  Chlorobenzene was 

used because of its increased viscosity and boiling point relative to that of chloroform, allowing 

for the formation of more uniform films. In addition to being device-relevant, these platforms were 

easier to cross-section with the focused ion beam prior to TEM characterization, and resulted in 

better image stability relative to simple polymer films on other supports.   

Preparation of LED Devices and electroluminescence characterization.  ITO coated glass 

substrates were cut into one inch squares using an oil immersed glass cutter.  Substrates were then 

cleaned to ensure removal of glass cutting oil using the following procedure:  1) detergent cleaning 

by hand using a microfiber cloth and a 10 % Triton X-100 solution.  2) Sonication in 10% Triton 

X for 15 minutes.  3) Hand washing with DI water 4) Sonication in DI water (2 times, ~10 minutes 
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each). 5) Sonication in Ethanol (EtOH) for 15 minutes.  They were then stored in fresh EtOH.  

Substrates were then patterned by applying a parafilm mask and etching in 0.32M Ferric Chloride 

in HCl heated to 160 °C.  Etched Substrates were sonicated in hexanes (15 minutes), DI water (30 

minutes) then ethanol (15 minutes) prior to use.  Typical preparation of a 2% dispersion of NC and 

PFO (total wt. NC and polymer/wt. of chlorobenzene) was carried out by combining 360 ug of a 

2% (wt./wt.) dispersion of pure NCs with 840 µg of a 2% solution of pure polymer, resulting in an 

overall 2% mixture containing 30% NC by mass.  The LED device structure consisted of a 60 nm 

PEDOT:PSS hole-transport layer deposited by two successive cycles of spin coating PEDOT:PSS 

annealed at 120 °C for 10 minutes onto a previously HI etched ITO bottom contact, a 60 nm 

NC/PFO blended active layer deposited by spin coating from a 2% dispersion of NC and PFO 

(wt./wt.) in chlorobenzene and a 100 nm aluminum top contact deposited by thermal deposition 

(.5 to 2 Å/sec at ~3 E-6 torr). 

4.3 Results and Discussion 

4.3.1 Ligand Surface Coverage.   

Thermal gravimetric analysis (TGA) of 3x and 4x NCs (Figure 4.3-1) revealed that there was a 

decrease in the ligand surface coverage of approximately 8% (from 44% to 36%), when comparing 

the 4x to the 3x NCs.  The final weight percentage values for our NCs at 500 °C were comparable 

to values reported in the 
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Figure 4.3-1 Thermogravimetric analysis showing the loss of ligand mass for both the 3x and 4x 

NC samples.  The 3% difference in mass lost, from 21.8% for 3x and 18.6% for the 4x sample is 

determined to correspond to an approximate 8% decrease in passivated surface 

 

literature (approximately 30-40%) using various isolation methods for NCs. 66, 122 In the case of 

ideal 4.58 nm diameter CdSe NCs, there are approximately 370 total Cd and Se surface sites 

exposed 123-124 with approximately 210 and 240 of these sites calculated to be exposed for the 3x 

and 4x samples, respectively.  Below, we examine the effects that these changes in ligand surface 

coverage have on agglomeration and aggregate stability, microstructure, LED performance and 

EL behavior/performance. 
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The various techniques used to quantitatively determine ligand surface coverage for a range of NC 

diameters have been reviewed by Morris-Cohen and coworkers. 70  The variability in ligand surface 

coverage and amount of excess surface ligand removed from CdSe and related NCs during 

purification are underscored by the similarity in surface composition determined after a range of 

purification cycles.  The level of NC purification shown here has been reported after only one 

precipitation cycle for CdSe/CdS core/shell systems by Niu and coworkers, 63 two precipitation 

cycles 57 or as many as four precipitation cycles. 7, 67, 70   It has further been reported that up to four 

successive precipitation cycles result in a fairly constant surface coverage of phosphorous-based 

ligands, but with progressive loss of small amounts of amine-based ligands. 66 

It is well established that NC-NC aggregation can be intrinsically driven by dipolar interactions 

for NCs approaching appropriate distances which is offset by osmotic repulsive potential and 

elastic potentials involving the capping ligands which act to prevent NC aggregation when ligand 

surface coverage and ligand length are sufficient. 4, 125 As capping ligand is successively removed, 

repulsive forces are reduced while attractive dipolar interactions are increased. Formation of linear 

NC aggregates has been demonstrated through thermodynamic analysis of partial removal of the 

stabilizing ligand shell, 126 as well as during drying mediated nanoparticle self-assembly. 127 Based 

on these previous studies we hypothesize that the removal of a significant quantity of TOPO and 

ODA ligands as well as TOPSe, in the third precipitation–redispersion cycle, leads to a reduction 

in ligand surface coverage where attractive NC-NC interactions, dominated by the dipolar nature 

of the CdSe NCs are balanced with the changes in dispersion stability in a polymer host, resulting 

in the controlled aggregation behavior described below.   

The difference in aggregate stability between 3x and 4x NCs is apparent from the absorbance 

spectra for toluene solutions of these NCs following each precipitation/dispersion step (Figure 
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4.3-2).  Figure 4.3-2a shows the absorbance spectra for both 3x and 4x NCs (3.5 x 10-8 M; assuming 

an extinction coefficient of 2.92x105 cm-1 M-1), 112 showing nearly equivalent absorbance and 

effective concentration.  NCs were dissolved in toluene to prevent possible surface modification 

from typical chloroform decomposition products, 128 which might lead to changes in optical 

properties under such highly dilute conditions.  Addition of 0.2mL acetone  

 

Figure 4.3-2 UV-Vis absorption spectra of 3.5 x 10-8 M dispersions in Toluene of 4.58 nm CdSe 

NCs taken through three (3x) and four (4x) precipitation-re-dispersion cycles, comparing before 

(a) and after (b) mild precipitation conditions to demonstrate the increase 

 

to 3mL of these NC dispersions (Figure 1.2-1b), followed by brief centrifugation, demonstrates 

that the optical density for the 4x NC/toluene solution had decreased to approximately 2.5 x 10-8 

M, due to strong NC-NC interactions, aggregation and precipitation of the NCs, whereas the 3x 

NC solution had no significant change in absorbance, clearly establishing that these NCs remain 
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stable in dispersion with only weak interactions at these ligand coverages. These observations are 

consistent with other studies in which controlled oversaturation of NC solutions was achieved by 

the addition of a non-solvent, causing increasingly large NC aggregates to form, leading to micron-

sized, three-dimensional super lattices which crystallized out of solution over days to weeks. 129  

Similarly, Tang et al. 51 demonstrated the addition of non-solvents to NC solutions to drive 

formation of nanowires through controlled flocculation of NCs over several days of aging.  These 

results suggest that similar aggregation behavior may occur in polymer/NC solutions during spin-

casting and evaporation of solvent to increase NC concentration to levels where aggregation begins 

to dominate, as shown below. 

4.3.2 Effects of surface coverage on NC microstructure and electronic properties of 

NC/PMMA and NC/PFO active layer LEDs 

In the following experiments, we intentionally maintained the NC concentration in both PFO and 

PMMA hosts well below the concentrations predicted to force percolation of hard spheres with 

negligible NC-NC and NC-polymer attractive and repulsive interactions(~50% wt/ wt and ~30% 

v/v).  Using MATLAB, We used a simplified Bernoulli bond percolation model 130 to estimate the 

probability of long range connectivity of NCs through a polymer film as a function of loading by 

volume with random placement of ideal 4.58 nm spherical NCs treated as 6 coordinate random 

packed hard spheres. “Percolation”, which occurred as NCs were added to a polymer matrix, was 

defined as any unbroken contact between NCs in the uppermost and bottom layers of a cube of 

material with 100nm sides. NC loading was systematically increased up to 50% v/v loading 

(equivalent to 70% w/w for these polymer systems) which is the concentration at which percolation 

is predicted to begin (Figure 4.3-3)  This is also consistent with similar calculations for conducting 

particles in an insulating medium131  as well as in more general calculations for percolation in 
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randomly packed spheres. 132 Our model suggests that percolation should not be observed at a 

loading of 30wt %, without additional driving forces, such as dipolar, ligand-ligand or 

NC/ligand/polymer interactions.  Choi, et al. have also shown that lowering ligand coverage on 

CdSe NCs results in increased aggregation through dipolar interactions and the anisotropy of the 

NC interaction volume, both of which lead to the formation of extended NC aggregates. 133 

 

Figure 4.3-3 Supplemental Figure S5 from the manuscript.  A simple Bernoulli percolation model 

was used to model the percolation threshold.  Based on this approach, the probability of long range 

connectivity of NCs through a polymer film as a function of loading by volume was determined 

using MATLAB, with random placement of NCs.  Ligand capped NCs were treated as hard spheres 

with a diameter of 4.5 nm and any NC-NC and NC-polymer interactions were neglected, leading 

to the determination of the minimal NC loading that would force percolation.  In this model, a 3 

dimensional array of user defined volume is defined, composed of cubes with edge length defined 

as the diameter of a NC.  A gradual increasing number of NCs were then randomly placed within 

this array, with the number corresponding to a calculated weight % based on assumptions of 

density presented in Appendix B.  At each value of weight% NC added, percolation is assessed in 

which the connectivity of each NC is questioned, in progression, with a positive percolation 

returned if the progression is continuous from one face of the array to the other parallel face.  A 

user defined number of iterations, 100 here, is repeated at each NC weight % loading.  This process 
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is repeated throughout the NC wt % range, defined by the user, in this case from 20 to 70 wt%, 

and the number of times percolation reached, divided by the number of iterations at each wt% 

loading returned.  Finally, the entire process is repeated a user defined number of times for 

statistical purposes.  The result is a measure of the statistical probability that a percolating network 

forms at any given weight % NC loading in polymer, in this case in PFO, as determined by its 

density 

 

 

 

Figure 4.3-4 High resolution TEM micrographs of functional NC/PFO LED devices (outlines of 

the 4.58 nm NCs to the left are guides to the eye) based on active layers blending 3x (top) where 

well dispersed NCs form chain like structures spanning the width of the active layer or 4x (bottom) 

where less passivated NCs aggregate towards either active layer interfaces. 

 



101 

 

 

Following the dispersion of 3x and 4x NCs in both PFO and PMMA host films at 30% wt/wt 

loadings, the films were evaluated using transmission electron microscopy, characterization of 

their electroluminescent spectral response, and J/V behavior as LEDs. Figure 4.3-4 (right panel) 

shows representative cross-sectional TEM images of 3x and 4x CdSe NCs in a PFO thin film 

sandwiched between ITO/PEDOT:PSS bottom, and Al top contacts in an LED platform.  Guides 

to the eye for these NC/polymer films are drawn in on the left panel of Figure 4.3-4. For the 3x 

NCs we observed uniform dispersion of the NCs throughout the PFO host film.  There were also 

clear indications of close NC-NC contacts which extended across the device and we occasionally 

observed linear NC aggregates that spanned the distance from the bottom to the top contact.  For 

NC chain-like aggregates that appear to span the entire polymer film, we observed from 11 to 18 

NCs in the chain.  In contrast, the 4x NCs resulted in complete phase separation (bottom image), 

with NCs concentrated near the top and bottom contacts, the respective liquid/air and 

liquid/substrate interfaces during processing.  The 4x NCs were also essentially absent from the 

middle of the polymer host film.  These observations suggest that the contact/polymer interface in 

the case of 4x NCs provides a free-energy environment which stabilizes the large NC aggregates, 

while the 3x NCs are well-dispersed by the polymer host and therefore are allowed to interact 

weakly, presumably through dipolar interactions meditated by the remaining capping ligands.86  

This type of NC assembly behavior has previously been modeled for spherical NCs in a polymer 

matrix whereby the transition from a stable suspension of particles (covered to varying degrees by 

polymer brushes) to necklace like structure is described as a balance between energetic contact 

gains per particle and the polymer free energy increase. 52 Similar simulations which focused on 

the potential of increasing dipole magnitude suggest that dipole induced self-assembly of 

nanocubes can lead to a variety of morphologies, 82 consistent with the experimental 
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morphological assembly of wires, 88 Furthermore, NCs have been experimentally observed to self-

assemble into two-dimensional structures through the controlled in-situ removal of capping ligand. 

51 They have also been shown to crystallize through the slow destabilization resulting from the 

diffusion of a non-solvent.129   While this type of assisted assembly is present in the literature, such 

behavior has not been demonstrated during film processing in the absence of externally applied 

forces. 

Effects of the extent of surface passivation on electroluminescence (EL) behavior were examined 

in LED devices using 3x and 4x NCs blended at 30% loading (wt/wt) in PFO (Figure 4.3-5).  We 

also used 4x NCs that had been partially re-passivated in dispersions of chlorobenzene containing 

10% ODA (wt/wt). We refer to these as XS NCs hereinafter.  The devices containing 3x NCs 

showed an EL onset voltage of ca.  

             

 

Figure 4.3-5 Electroluminescent response of CdSe/PFO LEDs as a function of applied bias, the 

linear EL response is shown in the left panel, the log EL response is shown in the right panel, to 

provide higher contrast in the determination of the on-set potential for light emission.  4x NCs that 
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have been re-passivated with ODA (see text) are designated XS and shown in black, 3x NCs are 

shown in red and 4x NCs are shown in blue, both for band-edge emission, and for emission from 

one of the surface trap states at ca. 750 nm. 

 

2.5 volts.  EL onset voltages for devices containing 4x and XS NCs were ca. 3 and 3.5 volts, 

respectively.  In the case of devices prepared with 4x NCs, emission at potentials above those 

required for the PFO control turn on of approximately 3.2 volts were observed. (Figure 4.3-6), 

suggesting a microstructure where charges must necessarily be injected into the PFO first, then 

transferred either through direct injection or energy transfer to the NCs.  It should be noted that 

the EL response for 3x NCs at 600 nm (band edge wavelength) and 4.0 volts was approximately 

20-fold higher than that observed for 4x NCs.  These results in addition to the TEM images in 

Figure 4.3-4 suggest that it is possible to form NC assemblies that provide for direct charge 

injection into the NCs, bypassing the polymer host, whereupon recombination and emission occurs 

only within the NC assembly. To test this hypothesis, we compared LED devices using the highly 

passivated XS to minimally passivated 4x NCs blended with insulating PMMA as the polymer 

host (Figure 4.3-7).  We found that LED platforms prepared with 4x NCs/PMMA (30 wt %) 

produced minimal  
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Figure 4.3-6 Supplemental Figure S1 from manuscript.  Integrated band edge electroluminescent 

response of CdSe/PFO LEDs as a function of applied bias, 4x NCs that have been re-passivated 

with ODA are designated XS and shown in black, 3x NCs are shown in red, 4x NCs are shown in 

blue, and the scaled EL for a PFO control device absent of NCs is shown in green in order to 

demonstrate its intermediate turn on potential relative to the lower 3x and XS blend counterpart 

and the much higher potential necessary for the 4x device. 

 

EL emission even at drive voltages as high as 7.5V (Figure 4.3-7).  For LED platforms prepared 

with XS NCs in PMMA (by the introduction of additional ODA ligand), the EL response was 

significantly enhanced at an equivalent drive voltage (Figure 4.3-7).  These data further suggest 

that percolating self-assembly can be achieved with over-cleaned, 4x NCs through subsequent re-

passivation which facilitates optimal dispersion and inter-particle interactions. 
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Figure 4.3-7 Detected electroluminescence at 7.5 V, and current density (inset) for NC/PMMA 

active layer LEDs containing NCs prepared using four precipitation-redispersion cycles, without 

(A) and with (B) the addition of ODA to increase the ligand surface coverage for NCs.  The inset 

cartoons illustrate the proposed active layer microstructures that would result in the difference in 

observed current density and NC electroluminescence between the two devices. 

 

4.3.3 Surface coverage effects on electroluminescence in dispersion processed LEDs 

The electroluminescence spectra for dispersion processed LEDs is shown in Figure 4.3-8 for 4x 

NCs/PFO (A) and for XS NCs/PFO (B). The observed improvement in EL character for the XS 

NCs relative to the 4x NCs is presumed to be the result of the increased passivation achieved by 

the addition of new ligand (ODA) to the NC mixture, demonstrating that the removal of surface 

ligand coverage can be reversed by re-passivation.  Incomplete passivation of the NC surface led 

to the additional mid-gap states EL emission features, described below, which were eliminated by 

achieving the same optimal ligand surface coverage that led to percolating NC assemblies.  The 
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EL spectral response in both device platforms is dominated by emission from the band edge for 

these 4.58 nm CdSe NCs (628 nm).  For devices based on 4x NCs, there  

 

Figure 4.3-8 Electroluminescence of LEDs based on active layers blending 4x (top) or XS (bottom) 

4.58 nm CdSe NCs with PFO.  The band edge diagrams to the left illustrate the significant 

contribution of deep trap luminescence arising from un-passivated NC surface atoms (top) whereas 

introduction of additional amines have successfully passivated these surface states and resulted in 

primarily band edge 
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are additional lower energy emission features arising from energetically deep traps, suggesting 

that hole injection into the less passivated NC leads to charge trapping. Recombination with 

injected electrons produces emission at ca. 750 nm. This type of surface state derived trap emission 

has been described for advantageous use in the preparation of white light emitting diodes. 134  Its 

origin was theoretically described previously by Hill, 135 and shown experimentally to arise from 

a lattice di-vacancy by Babenstov, 136 who then  reviewed defect effects in detail. 72  We also 

observed this deep trap luminescence feature for control devices in which the active layer 

contained only NCs (i.e., no polymer), thereby ruling out the possibility that it was the result of 

NC/polymer interactions.  For devices based on both XS and 3x NCs we observed predominantly 

emission from the NC band edge (628 nm), with limited emission from these surface traps (Figure 

4.3-7B).  Although the trap emission data does not provide insight into the underlying active layer 

microstructure in terms of percolation, it does suggest that NC surface chemistry not only controls 

NC aggregation, but also necessarily the EL color purity.  It should also be noted that we observed 

a shift in the λmax for EL from 623 to 647 for the 4x device when potential is increased from 5 to 

7.5V (corresponding to an increase of 5 kV/cm to 7.5 kV/cm for the 100nm thick film).   This 

significant shift may be attributed to the appearance of trap state emission being enhanced under 

an applied field. 137  This increased trap emission was eliminated upon re-introduction of a 10wt% 

excess of passivating amine ligand during preparation of the 4x sample, further supporting its 

importance in adaptable surface passivation. 
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4.4 Manuscriptt Conclusions 

These findings suggest that the degree of ligand surface coverage in the case of 4.58 nm CdSe NCs 

is of key importance in the function of LED platforms where optimal dispersion in solvents and 

polymer hosts is required, and where percolating networks of the NCs, in both semiconducting 

and insulating polymer hosts can be formed, thereby leading to efficient electroluminescence, with 

narrow band-edge emission bands.  The optimal NC assembly concentration (ca. 30% wt/wt) and 

pure EL emission occur well below the concentrations used in previous LED platforms, where up 

to 90 wt% NCs were incorporated into the polymer host.  They are also well below the weight 

percentage generally accepted to be necessary for percolation (ca. 50% wt/wt) based on the simple 

model for 4.58 nm CdSe NCs employed here. This is a very important finding for solution 

processed NC/polymer assemblies, as it applies not only to LED applications, but also to 

photovoltaic applications.  In the case of photovoltaic applications, the NC must function as a light 

absorber while the NC/polymer interface functions as an exciton dissociation site.  The vertical 

phase separation must occur for effective transport of charge carriers to the collection electrodes.  

Our findings demonstrate that the optimal NC assembly can be formed spontaneously with careful 

control of ligand type and degree of coverage, both of key importance in the optimization of NC 

loading and of NC/polymer host interactions, thus leading to efficient solution processed LED and 

PV platforms. 
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4.5 Supplemental analysis of NCsurface effects on EL behavior in bulk heterojunction 

active layers 

4.5.1 Surface Coverage and Electroluminescence Character Characterization 

Just as the modification of the NC surface ligand landscape altered NC dispersion behavior, it is 

expected that this modification will also change the NC density of gap states.  In this section 

Characteristic EL measurements on NC control LEDs were used to correlate the proposed 

generation of gap states associated with removal of minimal surface bound ligands, to observed 

changes in potential dependent current density and EL character.    

  While it is difficult to de-couple the influence of NC surface passivation derived electronic 

properties and microstructure on device behavior, through electronic characterization alone, 

comparison of device electroluminescence while varying ligand coverage of the NC surface allows 

inference of the electronic landscape of the NCs in terms of increases in density of mid-gap states. 

Later it will be shown that a similar comparison of EL between 3x and 4x devices prepared using 

the insulating polymer, polymethylmethacrylate (pmma), can divulge information regarding 

microstructure.  

Using data from a 3x NC active layer LED, Figure 4.5-1 illustrates the approach used to determine 

the turn on voltages which will be later correlated to prevalence of gap states.  The turn on potential 

was taken to be the potential at which the amplitude of the signal (100pts moving average) was at 

least 3 times the standard deviation of the noise.  This method allowed comparison of turn on 

potentials for the various devices herein.  Similarly, from the EL spectra, a red shifted peak, 
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noticeable in the upper inset spectra obtained at 4.75 V, increasing with potential, signals the 

presence of available gap states from which “trap emission” can be observed, as discussed later in 

reference to Figure 4.5-5.  The lower inset is illustrative of the potential dependent current which 

will be telling of reduced injection barriers as gap states are introduced. 

 

 

 

 

Figure 4.5-1 Illustration of the method used to determine turn on voltage, based on limit of 

detection.  Signal was deemed significant and reported as corresponding to a turn on voltage 

when a potential was reached such that the 100 pt adjacent average signal amplitude was at 

least 3 times greater than the standard deviation of the noise.  The top and bottom insets 

illustrate typical EL at larger working potentials, and typical current response to applied 

potential respectively, which were also used to support the presence of gap states resulting from 

minimal surface changes. 
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4.5.2 Gap States Electroluminescence and Potential Dependent Current 

Figure 4.5-2  is a depiction of the proposed changes in electronic landscapes for NC  

control devices, composed of solely variably passivated NC active layers encompassed on either 

side by ITO and Aluminum.  In a well passivated NC system as that proposed for the 3x 

sample,(illustrated at the left of Figure 4.5-2 there exists a barrier to hole injection which delineates 

the potential necessary to inject holes, who’s later recombination with injected electrons lead to 

radiative recombination.  In the less passivated analogue proposed for the 4x sample (right side of 

Figure 4.5-2), surface states lead to gap states both below and above the conduction and valence 

band respectively. States made available above the valence band have a lower barrier to hole 

injection in this system and are thus expected to allow for carrier injection at a reduced potential, 

but not necessarily to an earlier onset of electroluminescence as carriers in these gap states may 

relax via non-radiative relaxation pathways. 

Figure 4.5-3 shows current voltage curves of two NC only devices (3x and 4x) along with their 

corresponding EL spectra at similar current densities.  The drastic decrease in EL for the 4x sample 

is indicative of an increase in gap states, where non-radiative relaxation results when carriers are 

trapped. Similarly, the earlier onset of current increase for the 4x sample could be argued to arise 

from the presence of these introduced, more energetically available gap states, as previously 

proposed in Figure 4.5-2.  These data support the assertion that the 7% decrease in surface atom 

passivation induced by the fourth precipitation cycle, while modifying dispersion behavior, also 

induces sufficient gap states leading to reduced QY, an effect that becomes especially important 

when self-quenching becomes prominent as in this case with a condensed film where the rate of 

energy transfer between NCs is increased, leading to increased likelihood of carriers ultimately 

localizing on trap rich NCs. 
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Figure 4.5-2 Schematic representation of the effect of increased density of gap 

states resulting from a less passivated NC on carrier injection.  The right side 

demonstrates that recombination of an electron with a hole in a gap state can 

lead to a lower energy photon, but non-radiative relaxation can also occur 

resulting in a decreased quantum yield. 
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Figure 4.5-3 Current voltage curves and Electroluminescence (inset) for wet-processed LEDs 

composed of an active layer containing only NCs (either 3x or 4x).  The earlier onset of charge 

injection for the 4x system may be attributed to available gap states, injection into which may also 

reduce quantum yield. 

 

Plotting the total EL for both devices as a function of potential Figure 4.5-4 further supports the 

presence of gap states induced by the minimal change in surface ligand coverage.  Here, the 

relatively high turn on potential for the 4x device coupled with the significantly higher current 

passing through the active layer relative to its 3x counterpart, signals an increase in gap states 

available to increase charge transport, but resulting in little radiative recombination until such gap 

states are occupied and carrier injection into the band edge becomes significant. 
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While both amine and phosphine based ligands have been shown to passivated the Cd surface, and 

their removal would likely cause generation of surface states associated with the Cd orbitals which 

primarily compose the conduction band, results herein more likely illustrate the generation of in 

gap, near valence band states, significantly generated by removal of minimal surface ligand.  The 

proposed exposure of Se based surface states can be explained by the dynamic nature of the NC 

surface as described by Anderson et al.68 and the energetic consequences have been established 

for some time. 138  This topic will be re-visited when discussing repair of the NC surface below. 

 

 

Figure 4.5-4: Total integrated electroluminescence (counts) as a function of applied 

potential for 3x and 4x NC control devices demonstrating a reduction in QY 
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4.5.3 Regeneration of NC optical and self assembly properties through re-passivation 

NC/Polymer blend luminescence 

Having shown that over processing the NCs by a fourth precipitation cycle resulted in noticeable 

changes in both their electronic character in control devices, and microstructure in a polymer blend, 

the NC surface was repaired and devices based on PFO/NC blend active layers, using 3x, 4x and 

surface repaired NCs, characterized to demonstrate the appearance and disappearance of deep-trap 

emission associated with over processing and repair of the NC surface respectively.  Repair of the 

NC surface was accomplished through the addition of  10% ODA ligand to the NCs (wt/wt), with 

room temperature sonication in dispersion (a modification of a method previously used during 

synthesis to passivated NCs at elevated temperatures, described in the synthesis chapter).  These 

NCs are henceforth labeled X.S., representative of their relative excess ligand.  

Figure 4.5-5 shows the electroluminescence at an applied potential of 7V, from NC/PFO blend 

active layer LED devices prepared using either the 4x, or X.S. CdSe NCs blended at 30% loading 

(wt/wt) in PFO, in order to probe their electroluminescent behavior.  A loading of 30 wt% was 

chosen, to consistently remain under the percolation threshold as described previously.   
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Figure 4.5-5 : Electroluminescence spectra for the 4x and xs NC/polymer blend active layer 

LEDs at 7v demonstrating the presence of surface trap induced emission for the 4x NCs being 

diminished after re-passivation. 
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Figure 4.5-5 is illustrative of the dominant band edge emission, but presence of several other 

features in the electroluminescence spectra for a NC/polymer blend LED containing less 

passivated 4x NCs (bottom) and surface repaired X.S. NCs (top).  The band diagrams left of the 

spectra illustrate the proposed induction of gap states, and the expected relaxation leading to these.  

The position of the red-shifted feature at ca. 750 nm corresponds to a 0.32 eV decrease in energy 

and has been shown to be indicative of a deep trap state. 72  Since NC diameter was maintained in 

this study, we interpret this feature to arise from the increase in dangling bonds at the surface of 

NCs upon further removal of ligands, rather than arising from NC curvature influenced ligand 

surface density. 1  We also observed this deep trap luminescence feature for control devices 

(Supporting Information) in which the active layer contained only NCs (i.e., no polymer), which 

thus negated the possibility that it arises due to NC-to-polymer interactions. The smaller, higher 

energy feature observed only at potentials above 5v such as shown here, was attributed to the onset 

of polymer emission, as it had been seen to grow in at times, as was discussed in the energy and 

charge transfer chapter. The significant presence of a slightly red shifted feature which initially 

manifested as an apparent shift in the Lambda max from 623 to 647 for the 4x device when 

potential was increased from 5 to 7.5V, as illustrated in Figure 4.5-6Error! Reference source not f

ound., was attributed to the appearance of shallow trap emission, being enhanced under an applied 

field.137  While the quantum confined stark effect for similar semiconductor systems has been 

suggested to result in a red shift in emission on  
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the order of 2-4 nm under applied potentials as great as 40 kV/cm (Park 2012 ACS Nano), the 

significantly greater observed shift here supports the presence of shallow traps in the 4x sample.  

The significant contribution of both the shallow and deep trap emission is reinforced in Figure 

4.5-7 where at various potentials, the EL from each feature is integrated to emphasize the increase 

of trap emission with potential. This increased, potential dependent trap emission is eliminated 

upon re-introduction of a 10wt% excess  

 

 

 

Figure 4.5-6 : Potential dependent trap emission is illustrated here as 4x NCs, 

established to be rich in surface states, demonstrates onset and gradual increase in 

emission ca 750 nm associated with trap states for this series of NCs.  The inset shows 

the lesser effect observed for the better passivated 3x NCs. 
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of passivating amine ligand during preparation of the X.S. sample, as observed in Figure 4.5-6 

where even at an applied potential of 7v, the EL from the X.S. sample remains almost completely 

dominated by band edge luminescence.  Although the emission data for these devices is indicative 

of the surface induced electronic character of the NCs, and the ability to repair the surface, as trap 

emission is absent in the Electroluminescence of the X.S. sample, they do not necessarily provide 

insight into the underlying active layer microstructure in terms of percolation.   

 

Figure 4.5-7 : Deconstruction of device EL for a 4x, surface trap rich NC, based device 

shows significantly greaterdependence of trap state emission relative to band edge 

emission, suggesting easier injection of charges to surface generated states at higher 

potentials. 
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Comparing blend active layer device EL as a function of potential demonstrated a similar EL 

intensity at higher potentials, though with significant contributions from trap emission for the 4x 

NCs relative to the repaired XS sample.  Because the overall NC EL between samples is similar, 

differences in the turn on voltage between these devices can be attributed to a difference in the 

potential at which charges may be injected.  Both the 3x and XS devices had similar turn on 

potentials, Figure 4.5-8 below that observed for polymer control devices.  This suggests that 

carriers are being directly injected to the  

 

 

Figure 4.5-8: Integrated NC band edge electroluminescence for active layers containing 

each of the three variably passivated NCs in a polymer host.  The dashed vertical lines 

mark the observed turn on potentials for each corresponding device.  Inset figures 

illustrate the proposed active layer architecture 
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NCs, without polymer interaction.  This is presumed to be the case for a bi-continuous active layer, 

based on TEM results shown previously. The 4x device demonstrates a turn on potential greater 

than that for the polymer control, suggesting that carrier injection to the polymer occurs before the 

NC, as would be expected for a bi0layer architecture described for this sample from TEM.  These 

data support not only further support that the small difference in surface coverage between the 3x 

and 4x samples is sufficient to cause the shift between a bi-layer microstructure to a percolating 

network, but also that NCs whose dispersion favors aggregation can be re-passivated and in doing 

so again encourage the transition to self-assembly of a percolating network. 

In order to more definitively support this claim of regeneration of self-assembly tendencies, 

devices were prepared using blended 4x or XS NCs, in polymethylmethacrylate (PMMA), an 

insulating polymer.  Figure 4.5-9 shows the electroluminescence at 7.5 volts for the two such 

devices, as well as their corresponding current density vs applied potential plots.  The minimal 

current and EL for the 4x device is attributed to leakage current through the thin pmma film.  As 

suggested by previous TEM data, the bi-layer architecture resulting from the un-passivated surface 

induced aggregation may lead to aggregates at both active layer film interfaces, which can lead to 

an exceptionally small insulating layer thickness which can break down at higher potentials.  

Though plotted on the same scale, the EL data collected for the 4x sample was done so by directly 

coupling the collection fiber to the LED holder, increasing the signal relative to that typically 

collected by the integrating sphere used throughout this work, by a factor of at least 30 (see 

experimental detail), further emphasizing the fact that minimal carrier regeneration is occurring in 

the 4x device.  Again, these results suggest that the 4x NCs, with an exposed surface and tendency 

to aggregate lead to a bi-layer architecture, while re-passivation of the NCs surface can lead to 

formation of the desired bi-continuous network. 
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Figure 4.5-9: Electroluminescence collected for LEDs containing a NC/PMMA active layer.  

The inset IV plots show the significantly greater current passing through the insulating polymer 

matrix suggesting the presence of a percolating NC pathway.  EL spectra for the 4x device was 

collected by directly coupling emission to the collection fiber to amplify the signal, typically 

by a factor of 30 to 60. 
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Chapter Sub conclusion: 

In this work the surface area ligand coverage of 4.5 nm CdSe NCs was decreased through judicious 

use of precipitation, from 36 to 29% of the available surface atoms.  The presence and absence of 

a percolation network, as determined through high-resolution TEM cross sectional images of 

functional LED devices, confirms that the 7% area change in surface coverage of ligands has 

dramatic effects on microstructure and percolation.  Characteristic electroluminescence 

measurements were used in NC control devices to correlate changes in potential dependent current 

density and EL to the generation of gap states associated with removal of surface bound ligand.  

Devices based on NC/polyfluorene blend active layers were characterized to demonstrate the 

appearance and disappearance of deep-trap emission associated with over processing and repair of 

the NC surface respectively. Finally, electrical percolation is also corroborated by EL from a 

NC/insulating polymer blend at a 30 wt% NC loading, after repair of the NC surface, supporting 

the assertion that ligand surface coverage is a critical driver in controlling the assisted, self-

assembly of a percolating microstructure of ligand capped CdSe NCs within a polymer host in 

which the loading is below the percolation threshold.    

Future work  

Realizing that small changes in NC ligand surface coverage simultaneously affect microstructure 

and electronics, future work should investigate how the dynamics of the NC surface effects density 

of states near the valence and conduction band separately to determine if varying surface 

passivation might be applicable as a method of adjusting individual carrier mobilities. This might 

then lead to ligand design to achieve optimal passivation for electronic character, as well as 

optimum microstructure, from well dispersed to percolation, depending on desired transport 

properties.  
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5 CHAPTER 5: SHELL DOMINATED REFRACTIVE INDEX 

AND ORDER ENHANCED FLUORESCENCE IN 

CORE/SHELL NANOCRYSTAL DIFFRACTION GRATINGS 

 

Chapter 5 consists of a stand-alone manuscript prepared for submission to Nano Letters.  Below 

the manuscript are additional figures which show experimental work towards proposed 

applications of the angle resolved interfering fluorescence phenomenon described here, including 

the final incorporation of these highly emissive gratings directly into the architecture of an OLED 

platform, with collaboration from Daniel M. Huebner (Armstrong Research Group, Department of 

Chemistry, University of Arizona). 

5.1 Introduction 

Controlling the size, surface and nanostructure of NCs enables the tuning of their optical and 

electronic properties making them desirable components for light management in photonic and 

optoelectronic 100-101 devices.  Despite many examples of their assembly into ordered structures 

via solution process techniques, further understanding the effects of intrinsic NC properties on 

macroscopic behavior of ensembles continues to be an area of great importance and expanding 

knowledge 25, 102-103.  In particular, detailed understanding of the nanostructure of NCs with regards 

to inorganic shells is critical for optimization of electronic and luminescent properties 29, 104.  

Low cost, high throughput solution processed devices are the current trend in modern applications 

and NC systems are particularly amenable to such methods as stable NC dispersions.  Processing 

of NCs into ordered assemblies is typically achieved by either chemical templating techniques 
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such as photo-patterning 105-107 and capillary insertion into chemically modified templates 108-109  

or through direct mechanical deposition techniques such as inkjet printing 55 56 and micro contact 

printing variants 57 58 59.  While chemical templating approaches have the advantage of improved 

spatial resolution, they fail to provide the close packing required for the intimate inter-particle 

communication needed to probe coupled electronic and radiative phenomenon.  Likewise, they 

require surface modification which is likely to have a significant effect on NC electronic and/or 

optical properties and may lead to increased inhomogeneous behavior at the ensemble level.  The 

NC surface chemistry effects on the patterning itself can also be significant, and have been 

reviewed by Altmore 103.  Alternatively, close packed NC assemblies are easily achieved without 

chemical modification of the NC surface through direct mechanical deposition.  Such methods, 

however, require a stable NC dispersion and chemical compatibility between the NC “ink”, 

transfer media and substrate.   

One such example of direct mechanical deposition is micro-contact printed diffraction gratings as 

shown by Shallcross et al. 57 His work optimized core-only CdSe NC concentration to increase 

grating uniformity using commercially available master gratings.  The ability to control the 

emission of NC ensembles supports their use as probe sources for waveguide sensor platforms but 

the isotropic behavior makes integration difficult.  Preliminary observations were made of the 

ability to control the angle of fluoresce during this lab’s prior work in NC micro contact printed 

diffraction gratings.  This suggested that previously neglected quantum behaviors, heavily 

influenced by NC monodispersity and surface passivation, were important in controlling 

macroscale light-matter interaction. 

Further analysis of these grating systems has led to a more general experimental understanding of 

coupled radiance in close packed NC emitting structures with near wavelength dimensions.  The 
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ability to solution process defect-free films of close-packed, monodisperse, highly passivated NCs 

has led to superradiant emission from these typically incoherent sources.  In this letter, we 

demonstrate the uniform patterning of close packed NC blazed diffraction gratings composed of 3 

sizes of CdSe core NCs and the corresponding core/shell NCs with the addition of two monolayers 

of CdS shell.  By integrating this macroscopic scale coherent behavior into a three-dimensional 

grating structure, we show for the first time angularly selective interfering fluorescence.   

5.2 Diffraction Efficiency of micro-contact printed core and core/shell NC gratings 

The NC size and shell independent reproducibility of feature dimensions is critical in enabling 

comparison of the macroscopic diffraction efficiency and light matter interactions between NC 

sizes and composition in an ordered NC array.  The quality of the NCs is of paramount importance 

to support this reproducibility both in terms of processing as described above and to minimize 

surface induced variabilities in electronic structure.  Here we discuss the preparation and structural 

characterization of CdSe/CdS nanocrystal gratings.  Oleic acid and Tri-octyl phosphine passivated 

core and core/shell NCs were synthesized guided by procedures outlined by Peng et al. 5, 139-141 

Fine control of size was achieved through initial selection of optimum precursor injection 

temperature followed by monitoring NC diameter as inferred by absorption spectra112 of aliquots  
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Figure 5.2-1 Absorbance spectra for three sizes of CdSe core NCs and CdSe/CdS core/shell NCs 

synthesized and used throughout this work.  Spectra were normalized to the value at the first 

absorbance peak, the narrow full width at half of the maximum absorbance illustrates the narrow 

NC size dispersion.  Addition of each monolayer of inorganic shell results in a red shift of the NC 

absorbance, typically about 10nm per shell, but decreasing with each addition.  This shift is also 

size dependent, with a slightly greater and lesser shift for smaller and larger NCs respectively. 

 

sampled during growth, as seen in Figure 5.2-1 (supplemental Fig. S1 from manuscript).  Similarly, 

the addition of two monolayers of CdS shell was corroborated by the red shift in absorption 

resulting from partial exciton leakage into the CdS shell142 typically used to characterize shell 

growth5.  Stable dispersions of NCs having common “ink” processing behavior at 0.5 wt% loading 

in toluene, regardless of size or composition, were supported by dispersion-precipitation based 

isolation of NCs post synthesis with precipitating solvent volumes determined by in-situ 

observation of aggregation onset.  Details regarding synthesis and isolation can be found in 



128 

 

 

supplemental information.  Microcontact printing of gratings from stable NC dispersions was 

guided by conditions optimized by Shallcross 57for CdSe core NCs.   

In Figure 5.2-2 we show tapping-mode atomic force microscope (AFM) micrographs along with 

corresponding cross section analysis for gratings prepared using a sampling modifying both NC 

diameter and core vs core/shell structure.  The high-fidelity transfer of features from a 1200 lp/mm 

grating master with blaze angle of 36 degrees is shown here, demonstrating the reproducibility of 

uniform height and feature continuity necessary for comparison of macroscopic ensemble 

properties from variable NC components. The distance between features is 833 nm peak to peak, 

with approximately 600 nm separating the bases.  Features ranged in height between 170 and 190 

nm and remained relatively uniform within each grating.  The sub-wavelength height and near-

wavelength close packed ensemble features will be critical when discussing structure dependent 

emission properties of these gratings below.    
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Figure 5.2-2 AFM micrographs and corresponding cross section analysis of printed gratings 

showing consistent, uniform features for both core and core shell gratings, demonstrate that 

addition of the CdS shell to core does not affect processing, nor does size within core or core/shell 

systems.   
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We determined the NC size and composition effects on refractive index induced changes in 

diffraction efficiency of stamped transmission gratings. Diffraction efficiency was evaluated as 

the total intensity directed into both the positive and negative first orders, relative to the laser light 

intensity incident on the grating features.  Measurements were taken with light from a 488 nm (1.5 

mW) laser incident on the stamped grating normal to the quartz substrate.  The grating was placed 

at the center of a rotation stage, where a fiber coupled photodetector was rotated around the sample.  

A statistical comparison was made between 3 replicate gratings for each of the 6 variable size and 

composition NC dispersions. Figure 5.2-3 illustrates the measurement layout, along with a plot of 

core and core/shell NC based grating DE as a function of NC core diameter.  The expected increase 

in diffraction efficiency with increasing core diameter for CdSe gratings was observed and agreed 

in magnitude with previous studies of similar sized NCs 57.  However, for the core/shell gratings, 

there was no significant trend observed with increasing core diameter which we believe to arise 

from a lack of change in refractive index in the CdS shell across all NCs.  In this case, the refractive 

index of the core/shell NC structure appears be dominated by the added shell, and increasing the 

core diameter did not affect DE, as all core/shell samples contain two monolayers of CdS shell, 

approximately 1.4 nm increase in total diameter.  The immediate presumption that bulk behavior 

was the cause was refuted by the assertion that the overall diameter of the NCs, including the shell, 

remained well within the confinement size limit of ~10nm. 

 The importance of this finding lies in its stemming from the introduction of a sharp core-shell 

interface.  Such addition of a shell as opposed to a smooth interface (resulting in an alloyed 

quantum dot) has been shown to have implications with regards to auger recombination and 

diminished performance as optical gain media 29 implying effects on inter-particle cross-talk.  This  
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Figure 5.2-3 Diffraction efficiency of NC gratings (a) illustration of experimental design for 

measuring diffraction efficiency, (b) Diffraction efficiency vs. NC core diameter for three sizes of 

organic ligand capped core NCs and their corresponding CdS capped counterparts. 

 

 

sharp core/shell interface is then reasonably expected to demonstrate behavior manifesting either 

core or shell contributions which may behave cooperatively, or be dominated by one feature.  

Behavior as a two component system might lead to refractive index being dominated by the 
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addition of a thin shell providing an independent method of tuning refractive index lifting reliance 

on core size and possibly composition.  This has especially exciting implications in polymer 

doping where dopant size dependent processing is critical, as is the enhanced resistance to photo-

oxidation imparted by the inorganic shell 143.  

Having established the dominant effects of shell addition on the macroscopic diffraction efficiency 

of a close packed ensemble and realizing that a sharp interface alters inter-particle communication 

29, 104, we proceeded to probe the now accessible fluorescence properties of the luminescent grating 

superstructure composed of either CdSe NCs or CdSe/CdS core/shell NCs.   

 

5.3 Order amplified Fluorescence from NC blazed gratings (Interfering Fluorescence)  

Excitation of the core/shell NC grating was carried out using a UV laser (385 nm) with angle of 

incidence normal to the substrate.  Figure 5.3-1 shows the diffraction of the pump beam by the 

grating.  First and second order diffraction was detected at approximately 29° and 68°, as expected 

for 385 nm light incident on a grating with a groove spacing of 833nm.  Of particular interest, here 

is the observation of NC emission from the entire 0.5” x 0.5” grating structure, despite illuminating 

only a few millimeters, suggesting long range radiative coupling.  The PL of the NCs themselves 

(orange) can also be seen to exhibit angularly enhanced emission with the features occurring at 

smaller angular spacing than the pump laser.  This observed emission pattern is unique and of note 

because optically pumped NC fluorescence is generally incoherent, while interference between 

emitters such as that seen here requires coherence. The implications are that a necessary long range  
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radiative coupling between luminescent grating features and structure dependent emission from 

presumed incoherent fluorescence has resulted in macroscopic coherent emission, able to produce 

interference patterns.  The broadened Diffraction angle observed here, on the order of ±17° to 28°, 

falls within that expected for point light sources at 1666 nm separation, and might be indicative of 

a repeating pattern present in the grating, approximating twice the groove spacing, possibly due to 

the nature of contact printing the gratings. Similarly, imperfect coherence, due to intrinsic NC 

linewidth and the consequences of the asymmetric three dimensional structure of the emitters 

likely contributes to the broadening observed. Figure 5.3-1 displays the first qualitative example 

of interference from fluorescent NC microstructures, with only NC emission detected upon a non-

fluorescent backing.  Interestingly, there seems to be zero emission at the angle of incidence, only 

in the +/- orders, inclusive of angles corresponding to that expected for interference of the 609 nm 

NC emission wavelength. 

This pattern offset from the laser’s diffraction suggests that this effect is not simply caused by 

excitation of the NC features selectively at the lasers own diffraction angles.  The extent of 

coherence of the NC emission remains undetermined, but point light source behavior generating 

interference is clear, even in this qualitative experiment, necessarily requiring coherence.  

We more quantitatively probed the angular dependent fluorescence by exciting NC gratings using 

a 488 nm laser and collecting PL via a fiber coupled multichannel triple grating CCD 

monochromator (Horiba Jobin Yvon Triax 190), equipped with a long pass filter placed directly 

against the collection fiber, in order to minimize signal from the incident beam.  Data for each 

grating were collected in one degree increments from -90 to +90 degrees normal to the grating 

substrate.  Spectra were collected between 550 and 750 nm then fit by a Gaussian and integrated 

at each data point.  The integrated fluorescence intensity as a function of detection angle was 
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Figure 5.3-1   A) incident 385 nm laser on highly fluorescent core shell grating (PL centered at 

609 nm) with hue adjusted to emphasize the visible fluorescence appearing to generate an 

interference pattern representing the positive and negative order interference.. B) NC fluorescence 

projected onto non-fluorescent backing demonstrating interference like pattern. 

 

collected for both a uniform 200 nm thin film of Core/Shell NCs (data collected at 2 degree 

increments) and the corresponding grating, after 10 minutes of constant excitation, and again after 

1 hour of excitation for the grating, shown in  Figure 5.3-2.   Measurement of the thin film angular 

fluorescence provided a relative baseline that could be subtracted to account for any angular 

variation in PL arising from the apparatus.  The thin core/shell NC film was prepared by the same 

micro-contact printing technique as the gratings, but using a smooth PDMS stamp.  Photo-

enhanced fluorescence was observed between the two grating measurements, as has been reported  

for a close packed NC film under constant excitation 144 143. This photo-enhancement was 

significantly noticeable within the first 10 minutes of excitation, but seemed to plateau beyond 10  
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Figure 5.3-2 (Top) A plot of the integrated NC PL originating from a NC grating, as a function of 

polar detection angle (from positive to negative), normal to the grating surface.  Angular dependent 

PL from a thin film of comparable thickness was first collected, blue diamonds.  The cause for the 

increased signal at the angle of incidence is remains unexplained, but may be a result of higher 

intensity of the incident beam.  Additionally, a general increase in signal with time was observed 

and attributed to photo-enhanced fluorescence, as has been described previously for close packed 

NC systems143 144 .  

 (Bottom) Collection at a single angle, from this same core shell NC film over a 45-minute period 

illustrates this PL enhancement in greater detail. Data were collected during two sessions, where 

first the film was measured immediately upon excitation, with the entire measurement lasting 

approximately forty five minutes trial A, the film was then left under illumination for an additional 



136 

 

 

hour before measuring again (trial B).  The inset demonstrates that the most significant effect of 

the enhanced PL occurred within the first ten minutes of illumination and did not result in any 

changes to the PL character (fwhm, peak position), only intensity. 

 

 

minutes. (Figure 5.3-2).  Gratings were thus illuminated for at least 10minutes prior to collecting 

angular fluorescence for further measurements. 

To compare the interfering fluorescence between core and core/shell NC gratings, we fabricated 

gratings with peak fluorescence centered at 618 and 628 nm respectively and measured angular 

dependent fluorescence upon excitation with a 488 nm laser.   Both core and core/shell gratings 

produced non-zero PL at all angles, suggestive of combined secondary maxima from the 

interference. To better visualize the angle enhanced pattern, a multiple of the thin film fluorescence 

was subtracted from each grating data set such that the baseline fluorescence intensity was zero.  

The superimposed data for both gratings after this correction is presented in Figure 5.3-3.  The 

guides to the eye at -48.1° and -50.5° mark the center of the angle of maximum PL detected for 

the core and core/shell NC gratings respectively.  These values closely match the expected 47.9 

and 48.9 degrees expected for the interference of 618 and 628 nm light point sources with an 833 

nm grating spacing.    The change observed here with size further support the assertion that the 

observed angular dependence is in fact due to interfering fluorescence form the grating features, 

rather than a result of angle enhanced excitation from the laser diffraction pattern.   
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Figure 5.3-3 Angular dependent NC fluorescence corrected by subtracting thin film angular 

fluorescence data in order to compensate for angular variations caused by the measurement 

apparatus.  Angle specific fluorescence patterns were observed for both core and core shell close 

packed NC gratings, showing dependence on emission wavelength 

 

Long fluorescent lifetimes and significant phase effect expected from polydisperse NC ensembles 

initially challenged the possibility of coherent emission under standard conditions.  Long range 

radiative coupling in the solid state 35 34, 111 however, has been demonstrated in quantum dot 

systems and is suggested to be heavily dependent on NC properties such as homogeneity, density, 

linewidth and emission wavelength.  Similar enhanced optical effects associated with high quality 

NC surface passivation have been exemplified by the improved performance of NCs as gain media 

at larger sizes when a highly passivated surface is secured, where the resultant reduction in auger 

recombination associated with these conditions proved to improve assembly performance22.   We 

previously demonstrated the fine control of surface passivation and resulting consequences on 

optical, electronic and assembly properties (manuscript in preparation) and propose that narrow 

size distribution and high quality surface passivation results in a similarly augmented radiative 

coupling which in conjunction with the achieved close packing enabled  temporally  coherent 

emission necessary for interference from near wavelength spatially separated NC superstructures.  
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Furthermore, the angle amplified interference pattern suggest an additional role of the blazed 

grating structure in the NC interacting fluorescence, further corroborating the necessary coherence  

proposed here and asserting that microscale photonic structure must be driving a synergistic 

interaction between the NC structure and incident light leading to coherent behavior. 

5.4 Manuscript Conclusion 

In summary, we have demonstrated the ability to form structurally continuous superstructures 

separated in space from stable dispersions of both core and core/shell NCs.  The diffraction 

efficiency, and necessarily the refractive index of the Core/Shell NC gratings is demonstrated to 

be dominated by the outer CdS shell, regardless of NC core diameter, suggesting the shell imparts 

independent optical behavior opposing the typically synergistic electronic properties in core shell 

systems. 

Further, NC fluorescence propagation is shown to be affected by the grating structure, necessarily 

invoking macroscopic coherence from near wavelength solid state features.  The angle amplified 

fluorescence observed here presents a solution processable light source (fluorescence of NC) 

which, through the use of surface topologies of the film, allows control of the direction of the 

emission.   

5.5 Supplemental Information 

5.5.1 NC synthesis and isolation 

 Materials.  All reagents and solvents used for synthesis, including cadmium oxide, oleic acid, 

octadecene, TOPO, ODA, selenium, tributylphosphine (TBP), chloroform, and acetone were used 

as received from Sigma-Aldrich Corporation (St. Louis, MO).   

    



139 

 

 

Preparation of NCs for solution processing.  The NCs used throughout this study were 

synthesized guided by previously established procedures 6 and purified using various established 

methods 2, 66, 112, 120  Octadecylamine (ODA), trioctylphosphine oxide (TOPO), tributylphosphine 

(TBP), and oleic acid were used as capping ligands.  In a typical synthesis, CdO (0.1285 g, 1 

mmol), oleic acid (1.1299 g, 4 mmol) and degassed octadecene (10 g) were transferred under argon 

to a flame-dried 50 mL three-neck, round bottom flask equipped with a Vigreux column 

maintaining inert conditions.  The mixture was heated to 200 ºC and stirred magnetically for 

approximately 60 minutes or until the solution became clear and colorless.  Solutions were then 

allowed to cool to room temperature under argon.  At the same time, Se (0.790 g, 10 mmol) and 

TBP (2.327 g, 11.5 mmol) were combined in a 20 mL scintillation vial inside a nitrogen glove box.  

TOPO (2.536 g) and ODA (7.513 g) were then added to the cadmium solution and the mixture 

was heated with stirring to the desired injection temperature, typically 250 ºC. The Se solution was 

then quickly added by injection.  The temperature was maintained at the desired growth 

temperature, typically 240 ºC for 5 minutes, then cooled under a stream of room temperature air.  

This particular procedure typically yielded a dispersion of NCs with a maximum first transition 

absorbance at 585 nm.  The dispersion continued to grow at a sufficiently slow rate to allow 

monitoring of the NC size by removal of aliquots, then subsequently quenching the reaction when 

the desired NC size was attained, in this case between 3 and 4 nm, with a typical full-width-at-

half-maximum less than 30 nm.  After cooling to approximately 60 ºC (slightly above the melting 

point of TOPO), anhydrous chloroform (10 mL) was added to the reaction mixture in order to 

maintain the dispersion in a liquid state and to aid in the removal of unreacted cadmium and 

selenium.  Acetone was then added (ca. 20 mL) until the solution changed from deep-red to a dull 

pink color that persisted when vigorously stirred.  The mixture was then centrifuged at 6,000 RPM 
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(4,830 RCF) for 5 minutes.  The supernatant was decanted and the pellet was suspended in 

chloroform, yielding a clear dispersion.  At this stage, NCs were considered to have gone through 

one precipitation–dispersion cycle.  The precipitation–dispersion  cycles, each consisting of the 

addition of acetone until turbidity persisted despite vigorous stirring, followed by centrifugation, 

isolation of the pellet of NCs and dispersion into chloroform were repeated to a total of three 

dispersion precipitation cycles.  Dispersions for micro-contact printing were then prepared in 

Toluene.  NC diameter and extinction coefficients were calculated using calibrations developed 

by Yu et al. 112  Acetone was chosen as the precipitating non-solvent in lieu of short chain alcohols 

which have also been used for this purpose 4, 121 in order to avoid surface modification via ligand 

exchange or surface etching. 66 This procedure also facilitated control over the extent of surface 

passivation.   
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5.5.2 Isotropically waveguided NC PL 

Figure 5.5-1 illustrates another consequence of the added inorganic shell was an increase in the 

NC film photoluminescence (PL).  Uniform thickness films prepared through micro-contact 

printing, similar in thickness to the diffraction gratings used here (on the order of 200 nm), showed 

in-coupling of incident laser light, as expected, but also in-coupling of NC PL, visible to the naked 

eye  (though only visible in the direction towards excitation where it is not completely dwarfed by 

the intense incident light).  Angular dependent increases in photoluminescence were reported 

previously for CdSe core NC gratings, but the low quantum yields associated with as synthesized 

core NCs prevented further analysis of this phenomenon.  The obvious NC PL for thin core/shell 

NC films provided a route to such analysis, as presented in the above prepared manuscript. 

 

 

Figure 5.5-1 Incident (green) laser light is waveguided into a glass substrate upon incidence onto 

a uniform thickness NC thin film.  NC photoluminescence is detected by the naked eye to be 

waveguided towards the direction of incidence 
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5.5.3 Incorporation of gratings into device architectures 

Because the ultimate application of this work would be incorporation of emissive gratings into a 

functional OLED, in order to produce angle specific monochromatic light sources, OLEDs were 

built over a NC grating, to probe effects on architecture and performance.  While devices failed to 

produce electroluminescence, it was observed that when sputtering ITO directly over a grating, 

followed by deposition of PEDOT/PSS, the grating structure remained fairly intact Figure 5.5-2.  

Continued deposition of an OLED active layer composed of ALQ and TPD followed by an 

aluminum top contact did decrease the uniformity of the features, but the overall grating structure 

remained.  This illustrates the robustness of the grating structure and suggests  

 

 

Figure 5.5-2 AFM micrograph and cross section of ITO sputtered over a 

NC grating stamped onto glass, coated with  polyer (left), and AFM 

micrograph aobve a photo of a completed device built over this substrate, 

demonstrating the conformity of each layer to the grating microstructure 
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the possibility of incorporating the grating at various positions in the Device architecture such that 

they can behave either as the active layer, producing order amplified PL, or be placed in such a 

position to improve wave-guiding, while allowing for energy transfer to the NCs.  Further work 

should examine the viability of building functional devices with this microstructure printed at 

multiple positions in the device. 
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5.6 Chapter sub conclusion 

 

Use of highly luminescent Core/shell NC dispersions (0.5wt% ) as inks for micro-contact printing 

diffraction gratings resulted in highly photo-luminescent diffraction gratings.  The DE of incident 

light for core only NC gratings on ITO (1200g/mm) were measured to increase with NC diameter 

while DE for core/shell based gratings appeared to be constant at approximately 25%, and 

independent of core diameter between 3 and 4 nm, suggesting dominance of the NC shell with 

regards to diffraction related optical properties.  Finally, these gratings evidenced, for the first 

time, point light source like order amplified interfering PL from a NC microstructure, visible to 

the naked eye and confirmed by angle dependent PL measurements.  This type of behavior might 

lead to a novel approach to obtain wave-guided monochromatic light, as illustrated in Figure 5.6-1        

 

Figure 5.6-1 representation of proposed application of highly luminescent 

gratings with angle resolved PL as sources for waveguided monochromatic 

light 
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6 CHAPTER 6: CONCLUSION AND FUTURE DIRECTIONS 

6.1 Key Findings 

Properly surface stabilized semiconductor NCs are amenable to a variety of processing techniques, 

enabling their application as components in photonics and optoelectronics light management.  The 

surface chemistry of solution synthesized NCs is especially sensitive with regards to inducible 

changes to their optical and electronic properties.  Likewise, this sensitivity extends to their ability 

to interact with neighboring NCs as well as their matrix environment.  Minimal changes to the 

extent of surface passivation had a significant effect on the ability of NCs to interact physically, 

electronically, and optically.  The addition of a thin CdS shell, expected to improve quantum yield, 

but introduce a barrier to charge injection in bulk heterojunction polymer blend architectures, 

proved not to be entirely prohibitive to device function.  In fact, NC-polymer blend LEDs were 

shown to generate NC luminescence with an equal contribution to luminescence deriving from 

direct charge injection and energy transfer from the polymer host.  This is not contrary to the 

literature at this time, as the relative contribution of these two mechanisms is highly dependent on 

NC surface chemistry, active layer microstructure and processing conditions.  The key finding in 

this work is that under the conditions used here, namely a NC loading of 33 wt %, was expected 

to generate a well-blended heterojunction that might favor energy transfer due to the band edge 

alignments.  The significant contribution from direct charge injection suggest the formation of a 

bi-continuous network with intimate inter-particle contact that would provide a percolating 

pathway between electrodes through which direct charge injection could be achieved.  Similarly, 

the infrequent observation of potential dependent   changes in luminescence from either the NCs 

or polymer host contradicted this structure while suggesting a bi-layer type architecture.  Together 
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these findings set the ground work for surface coverage mediated control of NC self-assembly 

during solution processing.   

To this end, careful isolation of NCs post synthesis provided a route to control the extent 

of NC surface passivation.  An approximate 8% change in NC surface site passivation, as 

calculated from TGA data, resulted in a drastic response with regards to interparticle interactions, 

and optoelectronic behavior.  While both NC samples remained stable in dispersion, the slight 

decrease in steric hindrance resulted in sufficient flocculation of NC during spin casting of a 

polymer blend that a bi-phasic architecture formed.  The more optimally passivated NCs, were 

able to achieve sufficient proximity during processing for presumable dipolar interactions to take 

control resulting in the formation of a vertically percolating network of NCs, well below a 

concentration that would force percolation.  Such behavior was reproducibly observed at 30 wt% 

and also as low as 15 wt%.  Similarly, this same minimal decrease in surface ligands was 

accompanied by characteristic trap emission suggesting significant exposure of surface sites.  

Corroborating this, introduction of a 10 wt% amount of octadecylamine, repaired the surface as 

observed by band edge emission absent of red shifted trap state features.  

The extent of surface passivation consistently achieved through judicious isolation, having 

demonstrated the ability to allow for close packing while maintaining a well passivate NC surface, 

suggested applications towards luminescent superstructures.  While the aforementioned thin film 

shell had a lesser affect than expected with regards to luminescence pathways, it proved to 

dominate the refractive index of a NC ensemble, as measured by diffraction efficiency of micro-

contact printed core and core/shell NC gratings.  The constant diffraction efficiency with 

increasing core size, strongly contrasting the size dependent behavior observed for the equivalent 
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core structures, demonstrated a distinct behavior arising from the core, which was added in 

stepwise fashion as opposed to as a gradient.  

Addition of the CdS shell, while dominating diffraction efficiency, also drastically increased the 

visible photoluminescence of the solid-state NC grating structures.  The key observation here is 

the reproducible generation of an interference pattern for the NC photoluminescence upon 

excitation with a laser.  It was made clear that this interference phenomenon was not an artifact of 

laser diffraction, and NC emission wavelength dependence was also observed.  Additionally, use 

of blazed grating master produced an angle amplified NC fluorescence interference pattern.  This 

behavior required that the NC superstructure produce macroscopic coherence, which we pose here 

is made possible by the high quality of the NC surface and accessibility to close packing, as has 

been described necessary for superradiance, a likely explanation for the long range radiative 

coupling invoked. 

6.2 Conclusions 

In simplest form, the overarching conclusion to be drawn from this work is that minimal changes 

to NC surface coverage have very significant and simultaneous effects on their behavior in 

dispersion, as well as in the solid state optical and electronic properties.  As such, their 

incorporation as component to any photonic or optoelectronic devices should carefully consider 

any necessary compromise necessary when determining choice of NC surface passivation.  

Alternatively, insight into control of NC properties based on extent of surface coverage, as opposed 

to ligand identity is gained here.   

With regards to NC-polymer blend LEDs it is clear that both energy transfer from a polymer host 

and direct charge injection are significant contributors to NC luminescence.  Optimization should 
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consider active layer microstructure to optimize energy transfer from the polymer host.  Typical 

NC loading upwards of 80 wt % most likely results in forced percolation which may appear fruitful 

due to enhanced pathways for charge injection, but loses the potential for sufficient polymer 

domains to aid through energy transfer, while limiting the ability to inject charge directly to the 

polymer as well.  Lower NC loading and either generation of a bi-continuous phase or a well 

blended one would appear to have great potential.  To this end the architecture is likely attainable 

through fine tuning of the extent of surface coverage.     

While a great number of methods exist to encourage NC self-assembly, as discussed throughout 

this work, through ligand-ligand interactions. Adjusting the NC ligand passivation such that 

sufficient passivation is maintained to provide good optical and electronic behavior, while sterics 

allow close contact, seems to provide a means to utilize the NC’s intrinsic dipole to control self-

assembly.  This approach also affords control of purity of emission, in the case where trap emission 

is or is not desirable depending on application. 

The finding that refractive index can be dominated by a thin inorganic shell has many potential 

applications.  The sharp step growth of the shell, while clearly being in contact with the NC control 

and providing some lifting of the confinement, seems to behave to some extent as an independent 

moiety.  This has been broached with regards to effects of gradient shell growth in the literature.  

While many would find use in the alloy type NCs, for stimulated emission for instance, a size 

series of NCs with variable absorption and emission properties, but similar processability in 

dispersion and equal refractive index could prove very valuable as dopants in polymers where 

adjustments to refractive index are desirable. 
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6.3 Future research 

Future studies probing the relative contribution of energy and charge transfer, in order to optimize 

LED and PV performance may benefit from the controlled microstructures achieved here.  While 

NC monolayers have been placed at varying lengths from electrodes and would be FRET donating 

polymers, it would be interesting to examine the effects of increasing NC loading while 

maintaining a bi-continuous network and controlled NC domain sizes.  Ideally, an optimum density 

of percolation pathways may be reached where a maximum of NC loading is attained while all 

polymer component lie within a diffusion length (in the case of PVs) or a Forster radius from their 

NC counterpart.  Similarly, effect of well passivated NCs, still forming a percolating network, vs 

slightly less passivated NCs in this same architecture might illustrate the ability to reach close 

packing and examine this spacing effect on the relative contribution of excitation pathways to 

device function. 

Realizing that small changes in NC ligand surface coverage simultaneously affect microstructure 

and electronics, future work should investigate what role the ligand identity has on the ability to 

rely on surface coverage to achieve such control.  Additionally, as the system described herein is 

has been shown to allow for dipole mediated assembly during solution processing, it would be 

interesting to determine if polymer-NC microstructure could be adjusted post processing by using 

a polymer with lot Tg.  Presumably, NCs, at sufficient density, would feel significant dipole-dipole 

interactions and might migrate, either actively or passively, through a glassy media to form more 

favorable structures. 

While the effect of a uniform thickness shell on diffraction efficiency was determined, the effects 

of increasing shell thickness, or adding a gradient shell as opposed to the sharp interface used here, 

may be of interest for waveguiding applications.  Of particular interest would be further 
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examination of the coherent fluorescence recorded here.  The typical relaxation times and broad 

linewidth, despite attempts at monodispersity, make the appearance of spatial and temporal 

coherence somewhat confusing, and exciting.  Future work might further characterize the emission 

with regards to polarization, and coherence length.  Beyond that, further studies introducing such 

a structure into varying positions within a functional LED or PV stack would be of great interest. 
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7 APPENDIX A: PRACTICAL SYNTHESIS AND ISOLATION 

OF CdSe NCs  

Appendix A consists of a detailed description of the synthetic approach applied throughout this 

work to obtain CdSe NC with fine control of size, dispersion, and surface passivation.  While there 

exists a substantial body of literature describing control of NC synthesis through modification of 

a number of variables, a clear and detailed description containing batch to batch subjective 

techniques for obtaining precise and accurate size and surface chemistry control over a range of 

NC diameters is arguably deficient.  In particular, the isolation process mitigating surface 

passivation continues to be heavily practitioner dependent, making reproducibility and 

applicability across fields difficult.  The synthesis outlined here will support practitioner 

independent reproduction of the monodisperse particles and consistent surface passivation without 

which the novel discoveries, reliant on stable dispersions and close packing of high quality 

passivated NCs, described in this dissertation would not have been observable.   

NC control herein is based on a combination of selection of the optimal nucleation temperature 

and reaction monitoring during growth.  Additionally, a batch dependent precipitation based on 

observable aggregation rather than the standard solvent volume addition method enables 

reproducibility of surface chemistry.  This comprehensive approach enables the practitioner to 

achieve consistent batch-to-batch dispersion behavior regardless of size.  Such a fine control over 

physical and electronic properties allowed me to discern inconsistencies in the relative contribution 

of energy and charge transfer to electroluminescence which led to discovery of an underlying 

batch-to-batch variability in the microstructure of NCs in the polymer host. 
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Precise control of NC surface coverage induced microstructures in thin films ranging from fully 

segregated bi-layers to bi-continuous networks during solution processing. Furthermore, precise 

and accurate NC core size control supported studies of the relative effects of NC core size and 

composition on NC based diffraction gratings yielding insights into fundamental properties of 

core/shell properties regarding the nature of the dominant contribution of the passivating shell to 

size dependent refractive index changes and resulted in a novel explanation of an ensemble of NCs 

behaving as coherent point light sources. 

7.1 Size Control (Core NC synthesis)  

7.1.1 NC size dispersion 

Figure 7.1-1 shows the typical absorbance, and Photoluminescence (PL), spectrum for a dispersion 

of CdSe NCs synthesized for use throughout this work.  The clearly distinguishable peaks 

corresponding to multiple optical transitions, along with the narrow (less than 30nm) full width at 

half of the maximum absorbance (fwhm) of the first transition, are telling of minimal poly-

dispersity in the NC sample.  Low NC size dispersion is essential when probing both energetic and 

self-assembly behavior.  The dominance of larger diameter NC characteristics due to Inter-particle 

energy transfer is especially problematic at higher poly-dispersity, and a broad range in the energy 

level offsets that might affect charge transfer between NCs and an organic host is also more likely.  

Similarly, because the NC surface chemistry is dependent on NC diameter, a poly-disperse sample 

would have large variability in surface passivation and inter-particle interactions.  The absorbance 

features, in conjunction with the near exact unity ratio of Cd to Se and facile energetic 

characterization via photoelectron spectroscopy of typical NCs synthesized herein (X-ray 

photoelectron spectroscopy and UV photoelectron spectroscopy analysis done in collaboration 

with Mike Liao of the Armstrong group), confirm the high quality of these NCs with regards to 
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spatial and energetic uniformity.  The remainder of this chapter describes how this control was 

maintained, while carefully adjusting size.  

 

 

 

 

 

 

 

 

 

 

Figure 7.1-2 emphasizes one aspect of practitioner dependent quality of NC monodispersity.  The 

two synthesis examined here were carried out under similar conditions, with the exception that the 

Se Precursor was, in one case, purposefully injected at a slightly slower rate, though minimally 

different from the general procedure, resulting in two extremes with regards to size dispersion.  

For these high quality NCs, five clear transitions are visible and the FWHM is below 30 nm, while 

for the more poly-disperse sample, three transitions are visible, with lower resolution. These 

spectra should serve as a guide, to a first approximation, to NC quality during synthesis.   

 

 

 

Figure 7.1-1 Typical absorbance spectra of CdSe NCs synthesized in this work, demonstrating 

multiple clear optical transitions and narrow full width at half of the maximum absorbance for the 

lowest energy transition and corresponding narrow PL (shaded region), all characteristics associated 

with highly mono-disperse NCs.  An illustration of the corresponding reported transition is shown 

in the inset 
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7.1.2 NC size vs. time 

Though Judicious use of absorbance spectra as a rubric for size dispersion should be taken, as peak 

spacing, and thus resolution decreases with increasing NC diameter, the fwhm is a good 

approximation for dispersion and was used when examining growth time a s a means of size 

control.  Approximation of size using the approach taken by Yu et. al. 112 was used to assign NC 

diameters, based on the wavelength of peak absorbance, in this case taken from a Gaussian fit of 

the first peak in the absorbance spectrum, from which fwhm was also taken.  As described in 

appendix C, many variables have been shown to be useful with regards to controlling NC size 

during synthesis.  While modification of precursor identities, ratios, concentrations, and ligand 

Figure 7.1-2 Absorbance spectra for two syntheses carried out in this work under equal conditions, 

demonstrating the broadening of absorbance features associated with Se precursor injection rate. 



155 

 

 

identities, ratios and concentrations were briefly examined to develop an intuitive sense of the 

synthesis, it was the intention herein, to control NC size while maintaining NC composition and 

surface chemistry as constant as possible.  As such, these variables were chosen to remain constant, 

as described in the experimental section, while adjusting precursor injection temperature (and thus 

nucleation) and growth time, with the intention of obtaining the most chemically comparable NCs 

at various sizes.   Growth time is a typical means of controlling NC size.  Figure 7.1-3 shows the 

evolution of the first absorbance peak position, and thus NC diameter, as well as fwhm with size, 

for a typical synthesis carried out herein, with Se precursor injection carried out at 280º C.  It is 

obvious that a majority of the NC growth occurs within the first three minutes after injection, but 

that growth does continue slowly for close to 1 hour for this particular set of conditions.  first three 

minutes after injection, However, it becomes obvious that as time progresses, the fwhm also 

increases, to a point where dispersion can be deemed unacceptable, likely attributed to ripening of 

the NCs the plateau in size accompanied 

 

 

 

 

 

 

 

 



156 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

with the rapid increase in fwhm at extended growth times then places a practical limit on the upper 

end of NC diameter obtainable under these conditions. Similarly, because of the rapid initial 

growth, it is not practical to rely on quenching of the reaction as a means to control diameter, until 

growth rate slows, as this requires problematic and unsafe rapid cooling through solvent injection 

or use of a cooling bath, putting stress on the glassware.  Ultimately, growth time is a viable 

variable for fine tuning NC diameter, within the relatively slow growth rate time period, several 

minutes post precursor injection.  Because part of the appeal of  

 

Figure 7.1-3 Increase in NC first transition absorbance (and size) versus time, along with the 

corresponding increase in full width at half of the maximum absorbance for the first transition 
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adding the inorganic shell was an increase in QY, it was desirable to begin with high quality NC 

cores.  shows the propagation of NC diameter with time, again, but includes the measured quantum 

yield for aliquots taken during synthesis, to confirm that harvesting of the NC cores for later 

addition of the inorganic shell, should not depend on synthesis time, lifting constraints with regards 

to obtaining desired core sizes for core/shell studies.  It should be emphasized here that the QY 

measured were of aliquots taken directly from the reaction flask without NC purification.  As such, 

a very high excess of ligand remained and the typical decrease in QY with increasing NC diameter 

is not observed. 

 

 

Figure 7.1-4 NC size and corresponding QY for aliquots taken during synthesis 
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7.1.3 Nucleation Temperature 

7.1.3.1 Medium sized NCs (3-4.5nm)  

The temperature at which the Se precursor is added is also related to size in that it contributes to 

the extent of nucleation, along with precursor concentrations and choice of ligand.  Typically, 

injection at a higher temperature results in an increase in nucleation, with the larger number of 

seed particles consuming precursor during the growth phase until they reach a terminal size, 

smaller than the scenario where fewer seeds nucleate, leaving behind a greater amount of precursor 

for NC growth.  Because a majority of the work carried out herein required near-red emitting NCs, 

emphasis was placed on controlled synthesis of NCs absorbing within the range of 580 to 620 nm.  

Injection within 240 to 280 nm could be used to approach these sizes with some accuracy, followed 

by monitoring the reaction over ten to twenty minutes generally provided single nm control over 

the position of the first absorption peak.  Figure 7.1-5 illustrates the results of injection at increased 

temperature where NC diameter begins to plateau at a wavelength corresponding to a NC diameter 

of approximately 3.7 nm for an injection at 270ºC, while this plateau is increased when the 

injection is reduced to 250ºC, allowing isolation of slightly larger particles of an approximate 

diameter of 4.2nm.  NC diameter was easily tunable between approximately 3 and 4.5 nm by first 

adjusting injection temperature to approach an approximate diameter, followed by monitoring of 

the reaction during the slow growth phase until the desired peak absorbance was reached, typically 

quenching allowed adjustment of this peak value to within several nanometers for larger particles.  

Injection using added non-coordinating solvent, octadecene (ODE), to the Se precursor, effectively 

reducing precursor concentration slightly but drastically reducing the reaction temperature upon 

injection, generally led to slower growth, and the ability to isolate NCs with improved control 
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during the first 10 minutes, black squares in Figure 7.1-5 This allowed isolation of smaller NCs, 

3-3.5nm diameter, at increased growth times, counter to that expected for the presumed 

 

 

 

 

 

 

 

 

 

 

 

decrease in nucleation that should accompany such conditions. Use of a cooling bath at such high 

reaction temperatures, to achieve rapid quenching was questionable.  For this reason, very small 

NCs, between 2 and 3 nm were obtained by injection at temperatures generally believed to be 

below that necessary for nucleation.  Typically, shell growth can be achieved below a temperature 

of 240ºC, because nucleation does not compete with addition of the inorganic shell.  However, it 

was found here that nucleation was observed at temperatures as low as 180ºC.  Figure 7.1-6  shows 

 

Figure 7.1-5 NC first absorbance peak position vs. time with variable injection temperatures 
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results for two such syntheses with Se precursor injection at 200ºC, followed by quenching of the 

reaction two minutes after nucleation.  Such low temperature synthesis allowed for the isolation 

of small, between 2 and 3 nm, NCs, though at a relatively low yield compared to their higher 

temperature counterparts. 

 

 

 

 

 

 

 

 

 

 

 

 

7.1.3.2 Large diameter NCs (5nm diameter) 

For high quality NCs with absorbance greater than 600nm, it was found that allowing the cadmium 

precursor to “age” overnight resulted in a significant increase in NC size, likely due to more 

 

Figure 7.1-6 absorbance spectra for two syntheses carried out with low temperature precursor 

injection. 
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complete conversion of the CdO precursor to its more reactive oleate counterpart.  All NCs 

absorbing at greater than 600nm were prepared using this eight hour aging of the Cd Precursor, 

followed by typical injection between 260 and 280º and fine tuning of size through monitored 

growth time.  Figure 7.1-7  illustrates the range of CdSe NC diameters, determined by position of 

their first absorbance peak, preferentially synthesized throughout this work.  

 

 

 

 

 

 

 

 

 

 

Although nucleation temperature and reaction time was primarily used to control NC diameter, 

precursor modification was briefly explored.  Use of Cadmium acetate instead of cadmium oxide 

proved a reliable method of achieving larger NCs, consistently near 600 nm absorption with 2 

minute growth time, without aging of the precursor.  The PL for these NCs was, however, 

 

Figure 7.1-7 Range of controlled NC sizes prepared herein with narrow size dispersion 
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negligible.  Introduction of amine (either through heating in octadecylamine for several hours, or 

addition of ~ 10% by weight amine to a NC dispersion, led to improvements in PL, confirming 

this as a method to repair NC surface, a method later taken advantage of during studies of NC self-

assembly. 

7.2 NC Purification 

Similar to the synthetic approach to controlling size and poly-dispersity, methods for NC isolation 

from excess reaction components, such as the octadecylamine (ODA), Tri-octylphosphine oxide 

(TOPO) and Oleic acid ligands and octadecene (ODE), a non-coordinating solvent, are particularly 

practitioner dependent, as discussed in detail in chapter 6 with regards to control of surface 

chemistry towards NC self-assembly.  The standard dispersion/precipitation cycle procedure for 

NC isolation was used here, though with judicious addition of varying ratios of non-dispersing to 

dispersing solvent, described in detail in the experimental chapter (2).  The resulting NCs’ ligand 

coverage, in addition to being qualitatively inferred from QY data, were characterized using 

Thermal Gravimetric Analysis (TGA).  Details regarding the various studies carried out in the 

literature with regards to variations in solvent systems and surface characterization are presented 

in chapter 6 when discussing surface effects on self-assembly.  Briefly, the non-polar nature of the 

NC’s organic passivating layer imparts dispersibilty to the inorganic NCs in typically low polarity 

solvents, along with much of the remaining reaction mixture.  Addition of highly polar solvents, 

such as short chain alcohols or acetone, result in agglomeration of the NCs resulting in 

precipitation, with excess ligand, unreacted precursors and non-coordinating solvent remaining 

primarily soluble in the highly polar phase.  A more mild approach relies on a static liquid-liquid 

extraction, where separation is based on slow dispersion of the NCs in the less polar phase, with 

gradual extraction of the higher polarity impurities.  Such a mild technique, however, is often 
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timely as the formation of emulsions is common, and exposure of the NCs to polar protic solvents 

is well known to result in undesired surface modification.46  For this reason, 

dispersion/precipitation cycles were carried out through dispersion in minimal volumes of 

dichloromethane (details in experimental section),  followed by addition of acetone until constant 

turbidity in the dispersion is first observed, then precipitation by centrifugation.  As demonstrated 

in Figure 7.2-1  this method resulted in typical ligand  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2-1 Thermogravimetric analysis (TGA) characterizing the percent of ligand mass 

remaining on the surface of CdSe NCs after 3 and 4 dispersion precipitation cycles using 

dichloromethane and acetone as dispersing and non-dispersing solvents respectively.  The blue 

line shows the corresponding difference in mass between the third and fourth cycle. 
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coverage of approximately 36% after three precipitation cycles, in good agreement with that 

typically reported for NCs of this size, 67 and continued to remove an additional quantity on the 

order of 6% shown here, likely consisting of both amine and phosphine based ligands, when 

excessively exposed NC surfaces were desirable.   

 

7.3 CdSe/CdS Core/Shell NCs 

During the examination of energy and charge transfer in hybrid NC polymer LEDs presented in 

chapter 4, and the preparation of luminescent NC diffraction gratings to study the interfering 

fluorescence phenomenon in Chapter 6, it was desirable to have highly luminescent, stable NCs.  

It is well understood that addition of a CdS shell results in improved core passivation relative to 

organic counterparts, while resulting in frontier orbital energetics such that holes are trapped at the 

NC core, as illustrated in Figure 7.3-1.  With such characteristics in mind, CdSe/CdS core shell 

NC synthesis was also developed for this lab. 
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The method of shell growth was derived from the work of Peng 5 where successive ion layer 

adsorption was used to achieve addition of single monolayers of Cadmium and Sulfur.  Quantities 

of ionic precursor were calculated based on bulk intrinsic properties of the precursor and on 

concentrations calculated from absorbance spectra of the NC core dispersions, as developed by Yu 

et al. 112  These calculations and corresponding assumptions are described in detail in the 

experimental chapter (2).  As characterization of shell growth has been well established, based on 

UV-Vis absorbance, by Peng, 141 it was used here to identify successful shell addition.   

As mentioned previously, accurate calculation of NC concentration and required precursor were 

critical to shell growth, but temperature control was also critical.  Typically, a temperature between 

235 and 240 degrees Celsius was maintained during shell growth.  Temperatures above 240 

quickly lead to Ostwald ripening, as evidenced by a broadening and red shifting in the UV-Vis 

 

Figure 7.3-1 Schematic of energetic landscape of Core/Shell NC 
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absorbance spectra, while temperatures significantly below this result in the nucleation of CdS in 

competition with shell growth, which is observed as a drastic increase in absorbance at 

wavelengths lower than 500nm, as described in the seminal paper by Peng .5  Even under optimum 

temperatures, some competing nucleation is observed, but these undesired CdS NCs are readily 

removed during purification. 

During Shell growth, a typical red shift in the absorbance peak corresponding to the first transition 

is observed, on the order of 10nm, but this shift was observed to vary both with growth temperature 

and core size, with a more significant shift observed for smaller cores on the order of 3nm than 

larger 5nm counterparts.  This effect is attributed to partial leakage of the exciton into the shell 

material.142   Figure 7.3-2, illustrates the high quality uniform addition of shell as the FWHM of 

the core is retained after addition of two shells, evidenced by the clear resolution of multiple 

transition features in the absorbance spectra.  Throughout this work, typical core/shell NCs 

consisted of two monolayers as the improvements in surface controlled NC properties increase 

minimally at larger thicknesses, while minimal errors in calculating the necessary material for shell 

growth are greatly amplified often resulting in significant by product NCs, and the lengthier time 

of reaction opens the system to Ostwald ripening.  In general, as illustrated in Figure 7.3-2, the 

fwhm for the NC core absorbance is negligibly affected by the addition of two monolayers.  
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Equation 2.2-1 was used to determine quantum yields, where, QYR, the quantum yield for 

Rhodamine 101 is taken to be approximately 1.  Typically, the ratio of absorbance at the excitation 

wavelength (AR/ANC), was set to one by adjusting sample concentrations. QYs were measured 

using Rhodamine 101 in Ethanol and NCs in chloroform, with refractive indices of 1.3611, and 

1.4459 respectively.  Figure 7.3-3 shows results for the determination of QY for NC cores.  

Typically, CdSe NC cores, as isolated without purification showed a QY of approximately 30 to 

40 %.  The sample here was found to be 42%.  The isolation process, however, drastically reduced 

this quantum yield, typically to values on the order of 6%.  Addition of the CdS shell restores the 

𝑄𝑌𝑁𝐶 = 𝑄𝑌𝑅 ×
𝑃𝐿𝑁𝐶

𝑃𝐿𝑅
×

𝐴𝑅

𝐴𝑁𝐶
×

𝑅𝑁𝐶
2

𝑅𝑅
2  

Equation 7.3-1 used for determination of 

Quantum Yield 

 

Figure 7.3-2 Shift in absorbance typical for addition of one and two monolayers of 

CdS shell to CdSe NC cores 
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QY, to a range of 20 to 30%, as in the case of the NCs shown in Figure 7.3-4.  primarily used in 

the energy and charge transfer study of Chapter 4.  An excitation of 560nm was chosen here 

resulting in incomplete PL spectra at the lower wavelength side, marked by the dashed line, while 

typical rhodamine and NC PL were superimposed to correctly determine PL areas 

 

.  In cases where NC core QYs were negligible after the isolation process, such as in early stages 

of the synthetic procedure development during early work, addition of two monolayers of shell 

improved quantum yields drastically, from less than 1% to near 10%, though they did not reach 

typical values, suggesting that the reduced QY for such cores arises from non-surface associated 

traps. 

 

Figure 7.3-3 Dispersion absorbance and PL for CdSe NC cores (in 

chloroform)and Rhodamine 101 (in Ethanol) for QY calculations 
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Figure 7.3-4 Spectra for NC dispersion in chloroform and 

Rhodamine 101 in ethanol with equal absorbance values at the 

excitation wavelength (560 nm)  
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8 APPENDIX B : CORE/SHELL SYNTHESIS CALCULATIONS 

Several assumptions were made when calculating precursor quantities necessary for the addition 

of each monolayer of CdS shell to any particular CdSe NC core sample.  NCs were assumed to be 

approximately spherical.  CdSe and CdS densities of 5.81 and 4.82 g/cm3 were taken from bulk 

values.   The thickness of a monolayer thick shell of CdSe was taken to be 0.365nm 145 and that of 

a monolayer of CdS shell to be 0.35nm.5  Both the NC diameters, calculated based on the position 

of the first excitonic absorption peak, and extinction coefficients, used to determine concentrations, 

were calculated using equations presented by Yu et al. 112 

Typical yields based on the procedure outlined in the experimental section were approximately 

100-200mg, after three cycles of purification.  For the addition of a CdS shell, the CdSe pellet 

obtained after purification was dispersed in hexanes, typically 5-20mL, and a volume of this 

dispersion, on the order of 10 mL, was transferred to a reaction flask for the shell addition. The 

Excel spreadsheet presented in the following pages outlines the calculations used to determine the 

volume of a known concentration of shell precursor required to alternatively add a single 

monolayer quantity of each precursor, for each shell addition.  Briefly, the calculation consisted 

of: 

1. Determination of the NC diameter and concentration in the originally prepared 

dispersion in hexanes was carried out by diluting a small volume of the original solution 

(0.5 mL here) with chloroform (3mL here), and recording the wavelength of the first 

excitonic peak, along with its absorbance value.  

a. Diameter: From the wavelength of peak absorbance (λmax), the diameter was then 

calculated using the following equation from work by Yu et. al. 112   
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𝐶𝑑𝑆𝑒:   𝐷 = (1.6122 × 10−9)𝜆4 − (2.6575 × 10−6)𝜆3+(1.6242 × 10−3)𝜆2 −

                                      (0.4277)𝜆 + (41.57) 

b. Extinction Coefficient (ε): Similarly, from this same work which provided 

equations for the fit of extinction coefficient as a function of size, two values of the 

extinction coefficient were determined and their average taken for further 

calculations.  These equations are presented in rows 49 and 50 of the table below. 

c. Concentration: Using a 1cm path length cuvette during measurement allows the 

concentration of the dilute sample to be determined, using the calculated average 

extinction coefficient.   

 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
𝐴

𝑏×𝜀
  

Here A is the recorded absorbance value for the first excitonic peak, b is the path length (1cm) and 

ε is the average extinction coefficient.  Taking into account the initial dilution, the concentration 

of the original NC dispersion can be calculated (row 54 in the table) 

  

2. Calculation of the total number of NC surface sites available for shell addition was 

carried out under the assumption that the NCs were spherical and that the CdSe and CdS 

density approximated that of their bulk.  Monolayer thickness for CdSe and CdS were taken 

from the literature5, 145.  Using the calculated diameter as the outer diameter of a hollow 

sphere of monolayer thickness, the volume of exterior monolayer of one NC was 

calculated.  Dividing by the bulk density of CdSe approximates the mass of CdSe in the 

exterior monolayer.  Further division by the molecular weight results in the number of Cd 
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and Se atoms in the outermost monolayer of each NC, and presumably the number of each 

of Cd and S atoms that should be added to complete one monolayer of CdS passivating 

shell.  For any given volume of the original NC dispersion, For which concentration has 

been determined, the total number of NCs and thus total number of available surface atoms 

for shell addition is calculated.   

3. Determination of precursor solution volume for stepwise shell addition for each 

monolayer addition was dependent on solution concentration.  Precursor solutions were 

prepared at a concentration of 0.04M.  Using the calculated total number of CdSe surface 

sites available, a volume of the 0.04M precursor solution was determined to match.  The 

volume of original NC dispersion was chosen such that the precursor injection volumes 

were between 0.2 and 1mL, for practical purposes with regards to length of time necessary 

to inject larger volumes while maintaining reaction temperature constant.  The volume of 

the second monolayer shell, and any shell after, was determined by the same calculation 

outlined in step 2 above, with the NC diameter now taking into account the added thickness 

of a monolayer of CdS shell, and its corresponding density.  

By entering the following parameters: original dispersion volume to be characterized, chloroform 

volume for dilution, measured λmax and corresponding absorbance, desired volume of original NC 

dispersion to be used during addition, and concentrations of shell precursor solutions, in the high-

lighted cells of the spreadsheet below volumes for the individual precursor solutions necessary for 

successful addition of each shell were easily found.  The first two pages of the spreadsheet show 

functional data, while the final two sheets show the spreadsheet formulas. 
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9 APPENDIX C: SIMPLIFIED MODEL FOR NC 

PERCOLATION IN A POLYMER HOST 

 

Using MATLAB, a simple Bernoulli percolation model was used to model the percolation 

threshold.  Based on this approach, the probability of long range connectivity of NCs through a 

polymer film as a function of loading by volume was determined using MATLAB, with random 

placement of NCs.  Ligand capped NCs were treated as hard spheres with a diameter of 4.5 nm 

and any NC-NC and NC-polymer interactions were neglected, leading to the determination of the 

minimal NC loading that would force percolation.  In this model, a 3 dimensional array of user 

defined volume is defined, composed of cubes with edge length defined as the diameter of a NC.  

A gradual increasing number of NCs were then randomly placed within this array, with the number 

corresponding to a calculated weight % based on assumptions of density presented in Appendix 

A.  At each value of weight% NC added, percolation is assessed in which the connectivity of each 

NC is questioned, in progression, with a positive percolation returned if the progression is 

continuous from one face of the array to the other parallel face.  A user defined number of 

iterations, 100 here, is repeated at each NC weight % loading.  This process is repeated throughout 

the NC wt % range, defined by the user, in this case from 20 to 70 wt%, and the number of times 

percolation reached, divided by the number of iterations at each wt% loading returned.  Finally, 

the entire process is repeated a user defined number of times for statistical purposes.  The result is 

a measure of the statistical probability that a percolating network forms at any given weight % NC 

loading in polymer, in this case in PFO, as determined by its density.  The code developed is 
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presented below.    Future modeling would begin to take into account the NC-NC dipole 

interactions by adding a probability that random connections also result in a measurable likelihood 

of disconnect.  Later, ligand effects with regards to an added NC-polymer mixing interaction and 

NC-NC approach distances could then be included. 

clear 

%n = input('Enter # NCs to start: '); 

L = input('Enter array length: '); 

TT=input('Number of trials: '); 

for n=10:10:L^3 

   

for xaxis=1:TT 

    Paths=0; 

for i=1:100                  %Line 14 to 23 takes user inputs n (# of NCs)  

    A=zeros(L,L,L);        %and L (length of array) to generate a  

    while nnz(A)<n         %LxLxL array with n randomly placed values of 1  

     X=randi(L,1); 

     Y=randi(L,1);  

     Z=randi(L,1); 

    if A(X,Y,Z)==0 

        A(X,Y,Z)=1; 

        nnz(A); 

    end 

     end  

right=zeros(L,1,L);        %Line 25 to 34 generates a frame of zeros aroun 

left=zeros(L,1,L);         %the array to allow movement ot every position 

up=zeros(1,L+2,L);         %in the array with the variable+-1 method 
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down=zeros(1,L+2,L); 

 A=cat(2,A,right); 

A=cat(2,left,A); 

A=cat(1,A,up); 

A=cat(1,down,A); 

Lc=L+2; 

for x=1:Lc                 %35 to 40 makes layer 1 of A 42 value 

    for y=1:Lc             %and defines Lc as 2 larger than array length 

    if A(y,x,1)~=0 

    A(y,x,1)=42; 

    else 

        A(y,x,1)=0; 

    end 

    end 

end  

A; 

for z=2:L 

for x=2:Lc-1                %makes 1 values that are in contact with lyr 1  

    for y=2:Lc-1            %in layer 2 = 42 

        if A(y,x,z-1)+A(y,x,z)==43   %41 to 91 converts 1s in contact with 

            A(y,x,z)=42;             %42s to 42s, layer by layer 

        end 

    end 

    A; 

    for x=2:Lc-1 

        for y=2:Lc-1 

            if A(y,x,z)==0 



180 

 

 

                A(y,x,z)=0; 

            else 

                if A(y,x,z)==42 

                    A(y,x,z)=42; 

                else 

                   if    A(y+1,x,z)==42 

                        A(y,x,z)=42; 

                   end 

                   if A(y-1,x,z)==42 

                        A(y,x,z)=42; 

                   end 

                   if A(y,x+1,z)==42 

                         A(y,x,z)=42; 

                   end 

                   if A(y,x-1,z)==42 

                          A(y,x,z)=42; 

                   end 

                 end 

             end    

         end     

     end 

end 

end 

  

 

for z=L                    %goes back through the inner array and if 

for x=2:Lc-1               %any sites are still 1 (are not in contact 
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    for y=2:Lc-1           %with a value of 42 except in the next plane) 

if A(y,x,z)==1             %to 0, else they are 42 and stay that value 

A(y,x,z)=0;                 

else 

    if A(y,x,z)==0 

    A(y,x,z)=0; 

    else 

        A(y,x,z)=42; 

    end 

end 

    end                    %at this point the array consists only of 

end                        %sites which percolate and are labeled 42 

end                          

if nnz(A(:,:,L))>=1 

    Paths=Paths+1;            %makes Paths equal to 1 when percolation  

 clear A X Y Z ans i x y z  

end 

end 

    PPC(xaxis)=Paths;            %reaches the top of the array 

end 

MPCC=mean(PPC); 

SPPC=std(PPC); 

%disp('mean');  

%disp(MPCC); 

%disp('stdev');  

%disp(SPPC); 

PltMPCC(n/10,1)=MPCC ; 
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PltSPPC(n/10,1)=SPPC; 

APLT=cat(2,PltMPCC,PltSPPC); 

end 

APLT 
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