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Abstract

Functional Nanocomposites Formed by Back -filling
Methods

Theodore J. Kramer

This thesis investigates thesynthesis andproperties of nanocomposite materialscomprised
of inorganic nanocrystals (NCs)combined with a complementary organic compound utilizing
sequential two-step synthesismethods. We demonstrate anenhancement inthe mechanical and
optical properties of electrophoreticially deposited (EPD)cadmium selendide (CdSepanocrystal
(NC) films through post-deposition addition of organicligand molecules and polymeric precursor
molecules (monomers). Spedifally we show that when these organic compounds aradded (i.e.
back-filled) into the asdeposited, wet EPD NC film, thafracture in the dried film is suppressed and
photoluminscent (PL) efficiency of the inorganic NC phase greatly increased We goon to study
the synthesis and properties of a novehanocompositecomprised ofinorganic NCsback-filled into
a mat of semiconducting poly(3-hexylthiophene) [P3HT] nanowires. P3HT nanowirefilms are
synthesized using a novel method deveped as part of ths thesis; where P3HT is blended with a
sacrificial polymer (polystyrene, PS, leading to spontaneousdemixing of the two polymersupon
casting, and upon selective removal of the PS phase exposes a dense mat of P3HT nanowires
When back filled with CdSeNCs the compositenaterial exhibits photovoltaic (PV) performance and
provides a flexible platform for low-cost, hybrid organic/inorganic NC PV device fabrication We
conclude by showing howthe above methods,in conjunction with novel ligand chemistry ard
lithographic techniques, can be utilized to createa photo-active nanocomposite consisting of
lithographically defined, micron-scale, electrodes that are selectively decorated with electron
accepting NCs using EPand subsequently backfilled with a complementary electron-donating NC
phase The device architecture and resulting nanocomposite materi@é capable of lateral exciton

separation on a potentially lowcost substrate
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Chapter 17 Introduction and Background to Nanomaterials 1

1)1 OO0l AOAOET1T AT A "AAEGOI OT A O

Nanotechnology, defined as the design and study of physical systems with dimensions of less
than 100 nm, is relatively new to the field of science. Driving the pursuit of nanotechnology is the
desire by mankind to harness and understand the unique propeies of such small structures. At
the nanometer scale it is possible to create materials that by virtue of their reduced volume and
exceedingly high surface area exhibit high chemical activity useful for catalysis, excellent
mechanical reinforcement (i.e.nanocomposites), and unique optoelectronic properties resulting

from quantum confinement.

1.1 Historical Perspective on Nanotechnology

Although humans have only recently begun to scientifically explore the utility of
nanotechnology, nature has utilized naoscale structures for millions of years. The role of
nanoscale structures in nature can be found throughout all stages of biological life; ranging from
DNA-based reproduction to infection and death by virus, with all intervening life being sustained by
photosynthesis made possible by naturally occurring nanoscale complexes.

One of the oldest examples of observed quantum confinement is the coloration of stained
glass using noble metal NPs. In the First Century early glassmakers (without knowing it) wiid
the phenomenon of discrete excited plasmon resonances at nanoscale metadlectric interfaces to
tailor the optical absorption of stained glass. The art of producing stained glass was perfected in
the middle ages but the nature of optical absorptioim the material remained unknown.

In the early 20" Century scientists developed the mathematical understanding and
experimental capabilities to predict and study the behavior of nanoscale systems. Newly emerging

theories in quantum mechanics, electroragnetism, and statistical mechanics made it clear that



Chapter 17 Introduction and Background to Nanomaterials 2

nanoscale materials possess unique physical properties. However the field of nanotechnology was
constrained by a lack of experimental tools for characterization of nanoscale materials. This began
to change in the 1930s with the advent of the electron microscope. After several years of
improvement Ernst Ruska at the University of Berlin was able to demonstrate sul00 nm
resolution using a transmission electron microscope, beginning the era of electromicroscopy.
Over the subsequent 50 years a wide variety of nanoscale structures were discovered and
investigated, eventually leading to the discovery of carbon nanotubes, thgo@olecule, and various
other nanomaterials with previously unexplored properties.

However, it was only through advances in materials synthesis occurring in the 1980s did
nanotechnology emerge as a robust discipline including theory, synthesis, and characterization. For
the past three decades scientist and engineers have utilized thests to predict and deliberately
engineer materials with precision currently reaching the atomic scale.

Today nanotechnology is one of the most widely studied and utilized subjects in the field of
modern science. The most visible example of nanotechnglp is the modern integrated circuit:
nanoscale transistors and randoraccess memory arrays are now fabricated with dimensions of
less than 20 nm and at densities exceeding ddevices per square centimeter. It is difficult to find
an aspect of human socig that has not been revolutionized by the development of these
fantastically advanced nanoscale machines. Although less obvious, the impact of nanotechnology
on fields as diverse as medicine, energy, transportation, and warfare has also changed forever t
way humans live and die.

It is therefore not surprising that the study of nanotechnology is preeminent in the
academic fields of physics, chemistry, and engineering. Colloidal chemistry in particular has proven

a rich subject in which a steady streamfgreviously unobserved nanoclusters and nanocrystals are
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constantly created. Modern engineering has been similarly prolific in generating new
nanomaterials through the development of processing techniques such as chemical vapor
deposition (CVD), moleculatbeam epitaxy (MBE), and electrotbeam lithography. Complementing
the creation of each new nanomaterial is an evesxpanding suite of nanoscale characterization
techniques such as scanningunneling microscopy (STM), wideangle xray scattering (WAXS), ad
nanoindentation. The interpretation of results from these advanced characterization techniques
rely heavily on theories developed in soligstate physics, optics, and guantum mechanics. Although
much work remains to be done, the field of nanotechnologlgas now reached a relatively mature

state that extends beyond academia and is now finding industrial application.

1.2 O" 1 O-Oblb OOGAT ©l4d b. ATT OAAT A $AOECI
Nanoscale engineering can roughly divided into two approaches: one in which the
nanostructure(s) are fabricated by deliberate (and commonly sequential) placement of material,
with attention to the absolute position of the resulting nanoscale structures, while the other entails
a process in which nanoscale structures evolve through the spontaneous asg#ly of matter under
AAOAEOI T U AET OAT AT OGEOITI AT OAT AT-ATAEIOET AOB OIT AAEA
TATT OAAT A AT CET AROET ¢ xE-BbA DERT DAADAOAEOERARDERC
Top-down nanoscale fabrication methods are frequently emplged when each individual
device or structure has a high value (if only to the scientific community). Such is the casemany
academic applications, as well as the modern integrated circuit industry. In both cases it is common
to employ time consuming am expensive techniques such as highacuum deposition, electron
beam writing, or reactive ion etching. The reward for this expenditure of time, money, and effort
are one or more nanostructures that are reliably located and possess properties determined

precisely by the fabrication process employed.
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More commonly however, such expenditure of time and effort on individual nanostructures
is impractical. Despite the many physical advantages of utilizing nanostuctures in applications such
as catalysis or mechaical reinforcement, it is only through the collective performance of billions
upon billions of such nanoscale structures that it is possible to achieve an aggregate performance
that surpasses the existing (and highly optimized) micro and macroscopic techlogy. Bottomup
fabrication methods address the need to rapidly and economically create nanoscale systems in a
massively parallel manner by harnessing the natural tendency of many materials to selfganize at
the nanoscale provided the appropriate condions. Some of the best examples of bottommp
nanoscale engineering can be found in nature: the spontaneous yet highly accurate folding of
proteins and enzymes is accomplished by the appropriate interaction of amino acid sequence, pH,
and temperature. Snilarly humans can harness and direct nanoscale bottomap assembly of
matter through manipulation of parameters such as elemental composition (spinodal
decomposition d alloys), vapor pressure (seHassembly of nhanocrystal superlattices), or magnetic
fields (alignment of ferromagnetic nanoforests).

In this thesis several strategies for bottorup and top-down assemblyof nanostructures are
explored, with an emphasis onutilizing two -step backfilling methods to rationally control the
location and morphology of NC/organic interfaces and the overall structure of the composite
material. By employing sequential processing steps, both bottorap and top-down fabrication
techniques can be used to create nanocomposite materials with a range of novel and useful
properties. Bottom-up methods discussed will include EPD of CdSe NCs (Chapterg 8) and
growth of organic hanowires through spontaneous demixing of polymers (Chapten5 In Chapter 6
we will show that top-down lithographic techniques can be used to control the structure of a

nanocomposite structure with micron-scale precision, while EPD is again used for nanoscale
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bottom up assembly of NCs. Relevant to each of the abastudies will be theuse of NC synthesis
methods that are bottom-up in nature and enable moleculafevel control of the NC/organic

interface through use of small organic ligands.

1.3 Inorganic Nanopatrticles

Inorganic nanoparticles (NPs) are an important ategory of nanotechnology and exemplify
the ability of nanotechnology to bridge the gap between chemistry (the rational design of molecules)
and engineering (the rational design of micro and macroscopic structures). The design and
characterization of NPs las been an area of prolific experimentation over the past two decades
because it has allowed researchers to probe the behavior of materials that have composition and
structure similar to that of bulk materials which exhibit spatial localization traditionally found only
in molecular structures. NPs can range in size from ~ 1 nm up to 100 nm and exhibit physical
properties that are a function of size, shape, and composition. When a NP has a crystalline core it is
typically called a nanocrystal (NC), a partiularly common designation when discussing crystalline
semiconducting NPs.

As described above, the fabrication of NPs can be accomplished using-tlgpvn as well as
bottom-up techniques. Topdown synthesis of NPs typically utilizes lithographic techniquesn
conjunction with a material deposition technique such as electrofbeam evaporation to yield
ONOAT 001 AT 6066 11T A PIATAO OOOEAAAS 1 0AT 6061 AT OC
by virtue of their fixed spatial location and the absence of stace ligands. The primary drawback to
top-down synthesis of QDs is the relatively low throughput of theiproduction: to generate the
lithographic pattern needed for one billion 5 nm diameter QDs it would take over ten days using a

current state-of-the-art electron beam writer. By contrast, using bottoraup techniques based on
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spontaneous dewetting of a continuous thin film from a substrate can produce QDs in large
numbers, but without precise spatial control of QD location.

Alternatively, NPs can be maé in much larger numbers through bottomup solution-phase
i OxA06q AEAI E OOhass techrBg@es it i€ corhoh © §yiathekize up to T0NPs per
milliliter of reaction solution for volumes as large as 1000 ml per synthesisBy appropriate
selection of precursor concentration, temperature, and surfactant the size, shape, and composition
of NPs can be precisely controlled. As will be discussed in detail later, organic surfactants comprise
an important component of the reactimm mixture; serving to direct NP growth and prevent
ET AEOEAOAT .00 £EOI i ACCOACAOEI CS8 4EA DOAOGAT AA 1 A
surface can have a variety of consequences that influence NP solubility, charge transfer
phenomenon, as wi as NP mobility during various deposition techniques.

Solution-processed inorganic NPs are one of the most important and wedtudied types of
nanomaterial by virtue of their facile synthesis, stability, and the ability to precisely control many of
their physical characteristics. These qualities have facilitated a wide range of studies exploring the
optical, electronic, and magnetic properties of NPs. Many such studies have revealed novel
properties that emerge in nanoscale particles by virtue of theireduced size and high surface area.

24 Of particular scientific interest are the optical, magnetic, and mechanicptoperties of crystalline

NPs(NCs).

1.3.1 Quantum Confinement in Semiconducting Nanocrystals
In order to motivate the discussion of quantum confinement in nanocrystals (NCs), it is first
useful to discuss the properties of a bulk semiconductor. A bulk semiconductor is crystalline by
definition (crystal symmetry being A A£01T AAT AT OAI nd6 APAARD AWEA AEOGAAAT AA

OOO0OAOO0OA EO A &O1T AGEIT 1T 1 A£-fiing Pepe@ Oriit BfGhe Brfstaliné h  OE A
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lattice structure. Properties such as bandgap, direct vs. indirect band transitions, and effective
carrier mass can all be predicted by consideration of the unit cell (geometry, symmetry,
composition, etc.) assuming that the unit cell is repeated an infinite number of times in all
directions. Applying this bulk assumption, the energetic distribution of excited states, datl the
density of states (DOS), in a bulk semiconductor needs only to satisfy the diffraction criteria of the
Brillouin zone corresponding to a single unit cell (i.e. must exhibit constructive interference with its
self upon reflection from the Brillouin zone boundary). Provided this criterion is met, upon
sufficient thermal or optical excitation an electron will be promoted from the valence band to the
AT TAOGAOGEITT AATA j1AAOGEI ¢ AREETA A OEI1 A6 EI
over mary unit cells. The physical extent of this delocalization, called the Bohr radius (g is

described by the equation ¢ % where m is the effective mass of the electron in that

material. Depending on the material, the Bohr radius may beseveral nanometers in size;
sufficiently large that Caullombic interactions between the electron and hole effectively vanish.
According to quantum mechanicsthe wavefunction (i) of an electron will possess an
energy described by the eigenstates (Eof the Schrodinger Equation (wy  Ow ) where H is the
Hamiltonian. Assuming tight binding (i.e. expansion of the eigenvalue equation about a central
nucleus) and utilizing the linear combination of atomic orbitals (LCAO) model the wave function

wave fundion for an electron can be expressed 4&s i B 0% O 2 and where the
Hamiltonian is given byO %0 "O%0 5 When an electron in a NC is excited such that its

characteristic wave function is larger in extenthan the physical size of the N@ becomes possible
Ol T AOGAOOGA ONOGAT 60061 AT T £ET Al A1 66 DPEATT I AT A8
Due to its size, a NC may consist of only several doaamit cells, and as a result the DOS in a

NC can be different than those of the equivalent bulk material. Unlike a bulk material, an excited
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electron in a NC must simultaneously satisfy the diffraction criteria of the unit cell Brillouin zone as
well as the physical boundary conditions of the NC itself. Simply put, the wave function of the
excited state must exhibit a node at the outer limit of the NC (i.e. cannot exist outside of the
material). As a material becomes nanoscale in one or more dimension tkearise a finite and
energetically distinct set of electronic states that simultaneously satisfy the diffraction

requirements of the Brillouin zone and the boundary conditions of the nanoscale material volume.

Such is the case for-D quantum wells (¢Od’ ¢ O ), 1-D quantum wires @Od’ ©¢ O ), and GD

NPs[tOg’ © 1 'O , where E is the energy of the electrari is the density of states (cnt) and A is

the delta-function. According to this relationship the DOS plots iRigure 1.1 can be drawn. 2D and

1-D structures such as graphene and carbon nanotubes (CNTSs) respectively exhibit a series of
OAAT AOGS6 A A Assess afeonsinbUnfoEendgktic states. However, when a charge carrier is
confined in all three dimensions (as is the case for an approximately spherical NC), a discrete series

of energetic states similar to atomic transitions is observed.

t P(E) t P(E) t P(E)
3D 1D 0D

2D

v
v

Eo E (Energy) E (Energy) E (Energy)

Figure 1.1: Density of states in confined nanostructures as a function of energy and dimensionality.

The degree to which spatial confinement leads to separation tfie energetic states in a NC

is a function of theBohr radius in the bulk material. If one or more dimensioa of the NC are

Oi A1 Ao OEAT OEA "TEO OAAEOOh OEA .# EO OAEA OI

conditions the Coulombicinteraction between the excited electron and hole remais significant and

A
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the bound electron-hole pair is called an excitonTable 1.1 provides an illustrative example of how
the confinement energy in seveal common NCs changes when the N€ize is equal to the Bohr

radius as well as when the NC size is substantially smaller than the Bohr radius.

Table 1.1: Comparison of quantum confinement in various semiconducting materials.

Material Bulk Ey (eV) Bohr Radius (nm) | Egy(r = reonr) (eV) Eq (r :(g\-/i"; FBohr)
ZnSe 2.7 3.8 3.26 3.54
CdSe 1.74 4.9 2.04 2.48
PbS 0.41 18 0.51 0.64

Brus was the first to develop a theoretical model for the effect afuantum confinement in a
semiconducting NC. Assuming a spherical NC volume the Brus EquatiqiEquation 1.} effectively
predicts the first excitonic transition in a semiconducting NC by taking into account the intrinsic
bandgap of the bulk material, the guantum confinement of the exciton, and th€oulombic
interactions of the bound excibn and hole.

%O % - — — 8

Equation 1.1

In the above equation the first term is the bandgap of the bulk material and describes the
energy difference between the valence band and conduction band of the bulk semiconducting
material. The second term, warehEO 01 Al A EdisOhe AC fadiu®, Arid @iland m.* are the
effective mass of an electron and hole respectively, describes the increased exciton energy that
OPAOEAI

AOEOAO A&OI i Ai 1 £ET AT A1 0d AU ADPDPI EAAOETI

energy is found to be inversely proportional to B where L is the length the box edge. The third
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term, where eis the elementary charger, is the permittivity of vacuum, andrs is the relative high

frequency dielectric constant, reflects a decreasén exciton energy resulting from shielded

Coulombic attrection between the electron and hole in the confined NC volume. It is immediately

apparent that the r2 dependence of exciton energy will dominate the absorption of a

semiconducting NC.
In reality the wave function of an electron is able to extend outsidef the NC core, to an

extent proportional to the bandgapand dielectric constant of the surrounding medium. When the

NC core is surrounded by an insulating organic ligand shell exciton confinement can be relatively

efficient. The degree of confinement cabe increased or decreased by addition of an inorganic shell

00001 O1 AET ¢ OEA . # Al OA8 -OEADId £ HEEO OUDPA AOA AA
The choice of shell material is strongly dependent on the application in which the NC will be

used. If the NC will be used as a fluorophore to emit light, it is desirable to have an insulating (large

bandgap shell that confines the excitons within the core. This type of corghell structure is called

04 UPAS I OFighie 1.2x0E AETOE A1 4 widé Bat§ap grédvends the electron and hole

from escaping the core, resulting in enhanced exciton recombination efficiency and

photoluminescent emission. Alternatively, if the NC will be used as a source of electrons (as is the

case for photovoltaic devces) it is preferable to facilitate exciton separation and transfer of charge

100 1T &£ OEA . # AT A ETOI A OO0O01 061 AET-)C) d AkAdE Al 8 4

in which the band structure of the material leads to confinement of either etctrons or holes in the

core, facilitating transfer of an unbound carrier
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Figure 1.2: Structure and band position of core -shell NCs.?

1.3.2 Surface Area Hfects in NPs
By virtue of their size NPs exhibit a variety of no®l properties that arise from their
exceedingly high surface aredo-volume ratio. As seen ifmable 1.2 the fraction of atoms located at

the surfaceof small NCs can exceed 50 % and the surfageea-to volume ratio can exceed 220 #ig .

***** A PT xAAO T &£ p ti AEAI AOAO #A3A DPAOOE
only 0.5 ne/g. The unparalleled specific surface area afianoparticles poses certain challenges as

well as advantages in technological applications. The most profound challenge is the high surface

energy and tendency toward aggregation that results from having a large number of dangling

atomic bonds at the NP grface. For this reason NPs are not thermodynamically stable and the use

of surfactants at the NP surface is necessary to kinetically hinder the aggregation process.

Table 1.2: Surface area effects as a fundion of CdSe NC size.

CdSe NC diameter Total # atoms Fractl(;l:o?; ;urface Spe(:lfl(cmszl;;f)ace area
2.3 226 54 % 224
3.2 616 42 % 161
5.0 2378 28 % 103
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The high surface area to volume ratio found in NPs is advantageous for applications such as
catalysis and mechanical reinforcement of composite materials where the amount of surface area
for a given gquantity of material impacts the performance and cost of the final product. To illustrate
this effect we will consider the specific surface area (&g) of platinum, one of the most widely used
industrial catalysts: In order to attain 1 mtT £ B AOET 61 AAOAT UOO OOOAAAA
platinum clusters, approximately $50 worth of platinum (at current market prices [~$1450/0z])
would be required. By contrast, using 20 nm particles, 1 pof platinum catalyst surface area could
be attained for only $2 (at current market prices).

The high surface area of NPs has interesting optical implications as well, one of which is the
phenomenon of Me scattering:in addition to absorption (proportional to the volume fraction of NC
core material) there is substantial elastic scattering of visible light (proportional to the NC surface
area per unit volume). In the Mie scattering regime elastic scattimg is found to scale with 6,
where r is the NC radius. As empiricaly demonstrated by Yu et. &, the apparent extinction
coefficient of semiconducting NCs is strongly correlated with size. As seen kigure 1.3 the

extinction coefficient of CdSe, CdS, and CdTe can becdégd using a third-order polynomial.

‘TE 6 8

o 6
e, 4 4
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w

Size (nm)
Figure 1.3: Experimentally determined extinction coefficient for various NCs as a function of NC
diameter. 8
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1.3.3 Size and Shape Control in Nanoparticle Synthesis
The majority of inorganic NPs share a common sicture consisting of an inorganic core

surrounded by an organic surfactaniayer; the ligand shell. The coref a NP can be crystalline (i.e.
nanocrystals) or amorphous and may take on a variety of geometries such as spheres, cubes, disks,
and rods? As previously mentioned, ligands seve the crucial role of preventing NP aggregation.
The ligand itself has up to hiree important components: the heaegroup which binds to the
inorganic core, the functionatgroup which faces away from the core and strongly influences the

06 0 ET OvittOsrdodniingim@dia, and the intervening tail or chairwhich tends to provide

steric repulsion with other NPs. A depiction of this generic NP structure is presented Figure 1.4.
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Figure 1.4: Depiction of generic NC structure depicting core and ligand molecules.

Many synthetic routes exist for the production of NPs, but in general the precursor
materials for the inorganic core are combined in a heated solvent in the presence of an appropriate
ligand. Frequently the inorganic precursor is an organonetallic complex such as an oleate, silane,
or phosphonate. A solvent is chosen that is stable at the reaction temperatures and provides good
solvation to the host chemicals (inorganic precursor and ligands). The ligand in turn must be
chosen such that it has a head gup that binds strongly to the eventual inorganic core and prevents

macroscopic growth of the NP.
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A successful NP synthesis reaction generally includes three distinct growth stages.
Immediately following addition of the inorganic precursor(s), commonly & high temperature,
precursor concentration rapidly increases above a critical nucleation concentration ) leading
to rapid nucleation of new NP cores Kigure 1.5, Region #ll). Nucleation rapidly consumes the
inorganic precursor causing the precursor concentration to decrease to a level at which further
nucleation events do not ocar; however, provided there is sufficient thermal energy, precursor
material will continue to combine with existing nuclei, causing clusters of precursor material to
grow into NP cores(Figure 1.5, Region 1)1 Finally, after a period of diffusiortlimited growth the
precursor concentration drops below the precursor solubility (G) the precursor in solution reaches
an equilibrium with the NC core (i.e. material leaving the cores equals the reverse addition
reaction), at which point NC growth stops Figure 1.5, Region IIl)1? During the nucleation and
growth stages the ligand plays a crucial role in limiting the growth rate and size of NPs by hindering
precursor addition to existing cores and preventing separate cores from undgoing aggregationt2
The solvent too can #ect NP growth by influencing precursor solubility and acting to kinetically

limit precursor movement.

critical limiting supersaturation

Cones

rapid self-nucleation

growth by diffusion

solubility

()

Time

Figure 1.5: Monomer concentration vs. time during NC synthesis .13
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Through extensive experimentation synthetic routes have been developed that enable
precise control of size, geometry, and composition of NP&.The initial precursor concentration and
reaction temperature have a strong influence on the number of NP nucleation events and therefore
the number of particles. The size of particles can often be controlled through reaction time,
temperature, as well as precursor concentratio? Selection of astrongly binding ligand will tend
to produce small particles, but in some cases the ligand can also increase precursor solubility and
indirectly promote Ostwald ripening, yielding larger particles. The shapef NPs can be tailored by
utilizing the tendency of some ligands to bind more strongly to certain crystalline facets than others,
promoting anisotropic growth and yielding geometries such as wires, tetrapods, and disk&s16

The shape evolution and growth kinetics of the elongated nanocrystals have been well
studied and suggest a diffusiodimited growth mechanism. The monomer concentrations after the
initial nucleation stage has a strong influence on the size and shape ofthesulting nanocrystals.
The ligand type has also been shown to play a critical role during the growth of colloidal CdSe
nanorods!?’ A recently reported systematic studyof the ligand functionality on the colloidal
Oul OEAGEO 1T &£ #A3A TATT OIT A0 Al ACEAAA OEA O1T 1A
growth kinetics of colloidal CdSe nanorods and the stability of the nanorod solutiofi.There exist
clear trends showing that the shorter the alkyphosphonic acid ligand, the more elongated are the
resulting nanorods and the more the branching. Further, using mixtures of alkylphosphonic acids
indicates the higher the molar fraction of the shorter ligand, the more elongated and branched are
the nanorods

NPs are frequently synthesized according to their intended application. Applications
requiring strong selective absorption and emissio®® may require a semiconducting core with

highly insulating ligands or possibly an insulating inorganic shell (i.e. typé core-shell).1®

/£
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Alternatively, if the NPs are to be used in a photovoltaic device in which exciton separation and
charge transfer is desirable, a typdl core shell architecture combined with short conductive
ligands could be appropriae20 High aspect ratio nanostructures such as nhanowires or
nanoplatelets are commonly employed if electrickpercolation or mechanical reinforcement is

important. 2!

1.3.4 Conductive Ligand Terminated Nanocrystals

&1 O Al i 100 A AAAAAA EI 11T xET ¢ OEAEO AEOAT OAOU
synthesis and claracterization of NCs with highmolecular weight, insulating organic ligands. The
choice of such ligands was a logical one in light of the function ligands are intended to serve: to
form a protective monolayer at the NC surface which prevents aggregatio(via steric or
electrostatic repulsion) and facilitates NC solubility. The majority of NC synthetic routes require
high-temperature decomposition of precursor materials in a nonpolar organic solvent, dictating the
choice of organic ligands such as trioctghosphine oxide, dodecanethiol, and hexadecylamine to
name a few. Each of these ligands accomplished the important function of making NCs stable under
a wide range of experimentally useful conditions.

As scientific understanding of NC properties increask so did the interest in utilizing NCs in
devices such as transistors, sensors, and photovoltaic devices (P¥sBy the 1996 O EO xAO
understood that many NC applications would require NCs to efficiently exchange energy with a
surrounding medium by transfer of electrons into and out of the inorganic core. This motivated a
search for organic ligands that facilitate charge trasfer between the NC core the surrounding
environment.22  As will be discussed in this thesis, ligands composed of conjugated organic
molecules (as depicted inFigure 1.6) can facilitate charge transér between NCs and their

surroundings and can enable NCs to be used in a variety of electronic applicatiéhg: Recently
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there has also been dostantial progress in the use of inorganic conductive ligands,but that work

is beyond the scope of this thesis.

Figure 1.6: Depiction of CdSe NC with fullerene ligands. 24

In this thesis we will explore the use of novel synthetic mcedures for generating NCs
capped with organic ligands capable of conducting electrical charge into and out of the inorganic NC
core2” Building on work developed by Owen et. & solution-phase synthetic routes for the
production of benzeneterminated (phenylphosphonic acid)CdSe NCs andaphthaleneterminated
(naphthoic acid) lead sulfide (PbS) have been developed andustied. This capability greatly
enhances the potential utility of NC composite materials for applications involving intephase
energy transfer such as photovoltaic devices and sensors. Furthermore, the absorption spectrum of
CdSe and PbS NCs together spairtually the full range of the visible (CdSe) and nealR (PbS)
spectra and could therefore be combined in a PV device to yield efficient broddnd performance.

In this thesis we will discuss synthetic routes for producing NCs witpotentially conductive ligands,
the optical-electronic properties of these NCs, and performance of composite organic/NC PV

devices incorporating these NCs.
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1.3.5 Cadmium Selenide Nanocrystals

Bulk cadmium selenide (CdSe) is a-NI direct bandgap semiconductor with a wurtzite
structure capable of efficient optical absorption and luminescence throughout much of the optical
spectrum (E; = 1.73 eV) . In 1983 Brus and coworketshowed that nanocrystals of CdSe could be
grown using solution-phase synthesis technigues. Methods for growing CdSe NCs are now highly
optimized, reliably yielding NCs of many sizes and shapes and making CdSe B&smportant
platform for the study of optical and electronic properties in nanoscale semiconductors.

The synthesis of CdSe NCs consists of thermaihduced precipitation of cadmium and
selenium precursors in a carefully chosen solution of solvent and Hactant. There are two
important types of CdSe NC synthesis: one utilizing dimethylcadmium as the cadmium precurgér
and the other using cadmium oxide €dO) as the cadmium precursor3® Both methods will be
discussed in detail in Chapter 2.

The CdO synthesis route involves the addition of CdO to a solvent containing an organic acid
(commonly an alkylphosphonic acid or alkytcarboxcylic acid). The solvent is always selected to
have a high boiling point and to be nonpolar, but may be coordinating (such as trioctylphosphine
oxide) or non-coordinating (such as octadecene). This mixture is heated to an wdded
temperature (> 200 °C) at which time the acidic species undergoes a condensation reaction with

CdO, producing an acitoordinated cadmium ion and avater molecule (Mechanism 11).

2 RHPO;+ CdOC Cd(RPQ)2 +H,0 Mechanism 1.1

After a degassing step used to drive off the water product, the solution is heated to ~3@30 °C, at

which point a selenium precursor (typically trioctylphosphine-selenide) is rapidly injected. The



Chapter 17 Introduction and Background to Nanomaterials 19

process of NC nucleation and growth that follows injeain of the selenium precursor will be
discussed after introducing details of the dimethylcadmium synthetic route.

The dimethylcadmium route to CdSe NC synthesis differs from the CdO synthesis route in
that both cadmium and selenium precursors are added tohe reaction mixture simultaneously.
Specifically, a solution of dimethylcadmium and trioctylphosphineselenium are injected together
into a hot solution (~350 °C) of coordinating solvent (TOPO) containing a small amount of
alkylphosphonic acid (~1 wt. %). Following injection of the inorganic precursors several distinct
stages ofnucleation, growth, and aging occur. Immediately following the combination of the
cadmium and selenium precursors, heat from the reaction solution provides the activation energy
necessary for the cadmium and selenium precursors to break their organic coordination and react
with one another to form a population of NC nuclei, often consisting of only a few cadmium and
selenium atoms. The process of CdSe nucleation is strongly uefhced by the concentration of
inorganic precursor material, and persists for only a short time after injection.

After only several seconds, the concentration of inorganic precursor decreases to a level
below the critical nucleation concentration (also gynificant is the decrease in temperature that
accompanies the addition of the roortemperature precursors). Although nucleation events cease,
CdSe nuclei that have exceeded a critical size continue to grow by addition of inorganic precursor
material. Ina parallel process, nuclei that have not reached a critical size are pronedissolution,
providing a source of inorganic material that will be added to the larger and stijrowing nuclei.
During this process the acid species acts like a ligand, bindiro the NC surface, slowing the growth
process and preventing the aggregation of NC cores. A second and less intuitive role of the ligand

species is to increase the solubility of the inorganic precursor and facilitate the dissolution of
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smaller NC nuclé Depending on reaction conditions the growth stage of a typical CdSe NC
synthesis may take between 5 seconds to 10 minutes.

4EA MEET Al OOACA T &£# A OUPEAAIT #A3A . # OUT OEAOEC
During the aging stage of a syhesis the concentration of precursor in solution has been
sufficiently depleted and the reaction temperature reduced (~ 280 °C) such that NC growth is
minimal.  However, by virtue of their small size each NC contains a large fraction of under
coordinated surface atoms, which increases the thermodynamic energy of the CdSe material above
that of a bulk material, and lending substantial mobility to the individual atoms. So despite the fact
that 280 °C is well below the melting temperature of bulk CdSe, & possible for the crystallinity of
#A3A . #0 O AA Ei b0l 02 miAutes dirkgthel figabstage Bffisyntdebi©O * ¢ T

Although both the CdO and dimethylcadmium synthetic routes can yield highuality CdSe
NCs, the dimethylcadmium route is apidly being replaced by the CdO synthetic route as well as
newer methods3! due to the extreme toxicity of dimethylcadmium.

Through appropriate synthetic routes thediameter of CdSe NCs can be precisely controlled
between approximately 1.5z 12 nm12 As previously mentioned, the Bohr radius in CdSe is 4.9 nm,
causing NCs with a diameter of less than ~5 nm to exhibit strong confinement of excited states.
Optical absorption in CdSe NCs can therefore be tuned from 700 nm (NC diameter > 10 nm) to
approximately 390 nm (1.5 nm NC diameter$2 This range represents a large fraction of the optical
spectrum visible to humans, and therefore makes CdSe NCs suitable for experimentation as well as

utilization in technologies such as emissive displays.

1.3.6 Lead Sulfide Nanocrystals
Lead sulfide (PbSNCsare an increasingly important category of inorganic NC due to their

ability to absorb and emit light in the nearIR spectrum. In the bulk form PbS has a bandgap of 0.41
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eV and can efficiently absorb light at wavelengths shorter than 3026m. From a tedinological
perspective the small bandgap of bulk PbS limits its utility; however, because PbS has a Bohr radius
of 18 nm it is possible to increase the effective bandgap of PbS NCs through quantum
confinement33 By controlling the sizz of PbS NCs between 2 5 nm it is possible to tune the
bandgap such that absorption falls between approximately 60Qz 1400 nm32 This is a
technologically important portion of the near-IR spectrum; enabling efficient absorption and power
conversion of an energyrich portion of the terrestrial solar spectrum.

The synthesis of PbS NCs is similar todh of CdSe NCs. In the most commonly utilized
synthesis, a lead precursosuch as lead acetate (Pb[Ag] or lead oxide (PbO) is first reacted with an
alkylcarboxcylic acid (oleic acid or steric acidy>36 At an elevated temperature (> 150°C) the
acetate or oxygen of the lead mcursor binds to the proton of the acid species and forms a volatile
product that can be removed under vacuum, leaving only the complexed lead ion in solution (lead
oleate or lead stearate). The reaction mixture is then heated (> 200 °C) at which pointeactive
sulfur precursor is added. Typically the sulfur compound is trimethylsilanesulfur (TMS-S) but it
can also be trioctylphosphinesulfur (TOP-S) or any other nucleophilic ligand species. At these
elevated temperatures the lead and sulfur precipdte into nanocrystals with growth mediated by
the presence of the acidic ligand species. As previously mentioned, the ligand concentration can act
to increase the solubility of free lead monomer (i.e. Pb in the reaction mixture. For this reason it
is found that adding an excess of ligand (i.e. carboxcylic acid) can lead to digestion of smaller NCs

and lead to an increase in average NC size.

1.4 Macroscopic Nanoparticle Films
While the physical properties of individual NPs is of academic interest, isithe collective

behavior of NP ensembles that is of greatest importance to many technological NP applicationsD 2
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films are by far the most common macroscopic NP structure and have been used to create a variety
of useful materials with applications incliding magnetic memory, photovoltaic devices (PVs), light
emitting diodes (LEDs), and chemical sensors. When discussing the characteristics of a NP film it is
common to describe the thickness, density, and uniformity. A fourth property that will not be
discussed in this thesis is order; the characteristic of some NP films to develop lerapge NP

periodicity.

1.4.1 Drop-cast Nanopatrticle Films
The most basic technique for creating 2D NP films is dropcasting. As the name suggests
the NPs are applied to a sténary substrate by application of a solution containing NPs in a volatile
carrier solvent. As the solvent evaporates the NPs form al2film that can range in thickness from
a few monolayers to thousands of monolayers. As mentioned above, there is acatbgory of drop
castNPEET | O OEAO &I DAODBAAOGAR BOOAAAOHcalRAMINBAOO | AEIT
disordered. One drawback to dropcast NP films is that as the film gets larger in lateral extent
and/or thickness, the variability in film properties also increases. Differences in evaporation rate
and NP solubility across the wetted substrate area lead to fluctuations in film thickness and density,
sometimes leading to film cracking. Drograsting of NP films also does not offer spatiaelectivity,

which restricts its use to applications that can tolerate norspecific NP decoration.

1.4.2 Spin-cast Nanoparticle Films

Spin-casting of NP films utilizes NPs suspended in a volatile carrier solvent, which is then
applied to a rotating substrate. The additional shear forces present during the deposition and
evaporation process enables the formation of NP films that are uniform (thickness and density)

over centimeter lengthscales. According to Equation 1.2the thickness of such films f) can be
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carefully controlled by adjustment of the solution viscosity &), solvent evaporation rate (E)and

substrate angular velocity 0 ) during deposition.37-39

— ¢ —Q ©O Equation 1.2

However, spincast films also do not provide inplane deposition selectivity. For applications such
as LEDs in which only discrete areas of a substrate require decoration this can lead to wasted or

crosstalk between closely spaced components.

1.4.3 Electrophoretically Deposited Nanoparticle Films

Electrophoretic deposition (EPD) has been used fanany yearsto deposit films of colloidal
particles on conductive sibstrates from aqueous and polar organic solution®-43 Typically these
particles have been micronscale and prodiced through milling or grinding processes? More
recently it has been found that EPD can also be used to deposit NCs from noapadrganic
solvents4#4-46 In both cases the EPD process offers the unique capability of creating a dense,
conformal, and spatiallyselective coating on a conductive substrate. ChargeNPs in solution
migrate under electrostatic force to the electrodes, eventually reaching an electrode, and depositing
at the time of charge transfer. Under appropriate conditions (field strength, solvent type, and NP
characteristics) it is possible to dgosit films with micron-scale lateral selectivity with nanometer
precision in the outof-plane direction.

Traditionally EPD is carried out in an aqueous environment with particles deposited on a
work piece under the influence of an applied field on theohic double-layer surrounding the
charged colloid particle. Islam et a45.47.48 demonstrated that EPD could also be used to deposit

cadmium selenide (CdSe) NCs from a nonpolar solution. Since that time, EPD has been used to
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deposit a wide variety of inorganic NCs including ZnO, PbS, Au, and many more. More recently
Singh et al. have shown that the same electric field used to move particles to the electrode surface
can simultaneously align CdSe nanorods (NRs) with an intrirssidipole, leading to dense films of
well aligned NRs with novel anisotropic optical properties?

When discussing EPD of NCs from an organic solvent it is useful to examine the differences
with traditional aqueous-phase EPD of colloids. In an aqueous environment collaidparticles are
traditionally stabilized by repulsive electrostatic interactions. Specifically, the colloid particle
exhibits a net charge that is balanced by a surrounding layer of compensating countens called a
double layer (Figure 1.7). This phenomenon is made possible by the high dipole moment and
dielectric constant of water and its ability to support charged ionic species. There is of coara
requirement for over-all charge neutrality in the aqueous deposition solution, suggesting that the
original charge on the colloid core results from a charge conserving process such as the
reduction/oxidation of an ionic species, charge transfer with tle surrounding system (containment

vessel and atmosphere) or partial solvation of the colloid core.
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Figure 1.7: Depiction of stabilized colloid particle. 50
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To understand how a charged colloid (with a surrounding shell of counter ions) can
respond to an applied electric field, it is important to examine the structure of the double layer and
electric potential in a dielectric medium. e work piece to be coated and counter electrode can be
roughly approximated to behave like the plates of a capacitor across which a voltage is applied. We
assume that the electric potential is the sum of the potential resulting from a continuous
distribution charge in the medium (i.e. charged colloids) and the charge present on each plate
arising from the applied voltage. We can then apply what is known as the diffuse double layer
model to predict the potential distribution in the EPD system and how chaed colloid particles will
move in response to an applied electric fiel&?

Although the mechanism of EPD in an aqueous environment is relatively well understood
(i.e. movement of clarged particles in a strong DC electric field), the phenomenon of NC EPD in
nonpolar organic solvents remains an area of active research. In particular the origin of the
observed NC charge and the ability of the nonpolar solvent to solvate a charged NQnslear.
There exist two distinct populations of thermally-charged NPs: some positively charged and others
negatively charged®! Zeta-potential measurements reveal a strong correlation between particle
Ox AOEET C6 AT A . # AEAOCAR OOCCAOOEIC OEAOG . #0 AAORA
vacant ligand binding sites46 With increased washing he zetapotential of CdSe NCs can be shifted
toward negative values, at which point EPD becomes possible. The charged NCs are presumably
stabilized by the van der Waals interaction of the remaining ligands with the organic solvent.
Charge neutrality canbe explained by the presence of trace impurities in the deposition solvent
(originating from the synthesis process) that form the charged double layer. The final step of NC
deposition may be explained by local depletion (or exclusion) of these stabilizirgpunter ions near

the electrode surface, leading to charge transfer and NC precipitation (i.e. deposition).
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While EPD is experimentally straightforward to accomplish, a rigorous understanding of NC
EPD requires careful consideration of interconnected pragsses, including NC synthesis, NC
processing, and deposition. The subtlety of tuning these processes lies in controlling the
interconnected NC characteristics of solubility, charge, mobility, and charge transfer. When a
suitable combination of processingsteps and deposition conditions are chosen, it is possible to
deposit dense, uniform NC films of varying thickness onto a patterned conductive substrate. For
nanocomposites this offers the potential to locate NC filler material at strategic locations in a

potential product.

1.5 Hybrid Composite Organic/NC Materials

Materials composed of only NCs can exhibit a range of interesting and useful physical
properties, but are ill-suited for direct utilization in devices and functional materials. In the
absence ofa stabilizing medium individual NCs are prone to aggregation and oxidation, while
macroscopic NC structures are vulnerable to mechanical damage and can produce hazardous air
born dust. The vast majority of functional NC materials are therefore compositgtructures in
which the NC phase is supported by a matrix material that lends mechanical and chemical stability.
Depending on the application the matrix material may also be chosen it exhibit complementary
optical or electronic properties. Hybrid organieNC composites of this type have emerged as an
important new class of material that can exhibit electrical, optical, and mechanical properties that

cannot be attained using traditional composites (i.e. > 1 micron scale fillers) or monolithic materials.

1.5.1 Nanocomposite Materials from Back -filled EPD NC Films
Posing a challenge to the direct application of EPD NC films is the observation that upon

removal of an EPD NC film from the deposition solution, the evaporation of deposition solvent
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causes a volumetre contraction of the film, and, in the case of CdSe NC films over approximately
600 nm in thickness, leads to film fracture.

The phenomenon of EPD filmcontraction results from the change of intekNC spacing in the
wet (i.e. with deposition solvent presat) and dry film states. For a more precise understanding it
becomes necessary to understand what forces determine intdC spacing in the two states (wet
and dry). At this point one assumption will be made: that attractive inteparticle forces are
condant and attributed entirely to van der Waals interaction between NC cores. It is then a
guestion of understanding the origin of interkNC repulsive forces and how they vary with the films
solvent content.

Two processes are expected to be dominant when msidering inter-NC repulsive forces:
ligand-ligand steric interference and capillary pressure acting on the deposition solvent. The
former will scale from one finite positive value to another finite positive value as the solvent leaves
the film, while the latter is expected to approach zero as the film reaches a fully dry state. We can
therefore say that in the asdeposited (wet) state inte-NC spacing will correspond to a balance
between attractive van der Waals forces and the sum of repulsive steric erference (between
ligands) and positive capillary pressure exerted by the deposition solvent. In the dry state int&iC
a balance between van der Waals forces and steric forces will determine spacing oniy. Chapter 3
we will discuss theories develogd in the field of polymer science and apply conservation of volume
arguments to examine how the change of intekNC equilibrium spacing leads to strain (and
frequently fracture) in the dried EPD NC film.

Because EPD film fracture exposes the underlying ssiipate and leads to nonuniformity in film
properties, it is important to prevent film fracture in order to arrive at a useful and uniform

composite material. The above discussion of factors contributing to EPD NC film fracture suggests
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two mechanisms by which fracture of NC PD films can be avoided: replacinghe deposition
solvent with a nonvolatile substance and/or maintainng a high degree of steric interference
between ligands on adjacent NCs by increasing their persistence length in the dry state.

For the first mechanism, solvent replacement, there are two apparently conflicting criteria.
The filling agent that replaces the deposition solvent should be small enough to thoroughly
infiltrate the interstitial regions of the film and reach all locatiors originally occupied by the
deposition solvent. Simultaneously the filling agent should beomposedof molecules large enough
to be completely nonvolatile under standard conditions. One way in which both criteria can be met
is to add a small functionalmonomer to the asdeposited film and subsequently polymerize the
monomers into high molecular weight molecules that will not evaporate and can resist compressive
stress. As will be discussed in Chapter 4 the use of monomer infiltration and subsequent
polymerization can lead to crackfree EPD NC films with enhanced mechanical properties.

Alternatively it should also be possible to increase ligand persistence length by increasing
the density of ligands at the NC surface. As described above, during dryingatigs contract and
assume a more ballike conformation that reduces surface energy at the expense of persistence
length. Since agleposited NCs have relatively sparse ligand coverage there is ample room adjacent
to each ligand to permit this condensed lignd conformation. However, if ligand density is
increased there is expected to be steric interference between adjacent ligands bound to the same
NC such that all ligands must maintain a retlke conformation even in the dried state.

It would be conveniert to deposit NCs with sufficient ligand coverage to avoid ligand
contraction and subsequent EPD film cracking, however, as previously discussed, it is typically
necessary to depositNCs with sparse ligand coverage, which leads to a net M&a-potential and

may increase the probability of NC adhesion to theubstrate. We therefore must deposit NCs via
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EPD that do not have high ligand coverage, and then modify their surfaces with new ligands after
they have been deposited. In Chapter 3 we will explore adienique where by fracture of EPD CdSe
NC films is prevented through treatment with the ligand molecule trioctylphosphine oxide after
deposition but prior to drying. The resulting EPD CdSe NC film is crack free and exhibits enhanced

PL efficiency.

1.6 Nanocry stal Composites for Electronic Applications

As described above the optical and electronic properties of NCs are potentially useful in
electronic applications such as emissive displays and PV devices. In order to effectively harness the
useful physical attibutes of NCs it is common to embed them in a host material that lends
mechanical strength, chemical stability, and electronic coupling. In this thesis we will explore one
such nanocomposite material that has potential application for PV devices. Thisyhknid
nanocomposite material is comprised of an organic semiconducting film that has undergone a novel
nanoscale templating process to yield a nanowire morphology, which is then baéiKed with an
inorganic NC phase. In order to understand the aggregatperformance of this hybrid
organic/inorganic composite material it is important to understand the properties of each

constituent phase and how the two phases interact.

1.6.1 Organic Semiconducting Materials

In recent years there has been a proliferation of new semiconducting organic materials that
exhibit novel semiconducting properties by virtue of carefully engineered conjugated structures.
Through manipulation of symmetry and elemental composition organicsemiconducting materials
have emerged that have potential application in emissive displays, lewost logic circuits, and

photovoltaics. Although present day manufacturing costs of many organic semiconductors is
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relatively high ($100-1000/gram), the abundance of precursor elements creates the potential for
low-cost mass production. Organic semiconductors also offer the unique characteristics of low

density, mechanical flexibility, solutionrphase processing, and environmentally friendly disposal.
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Figure 1.8: Molecular structure of various semiconducting organic materials. 52

As depicted in Figure 1.8 organic semiconductor are predominantly composed of carbon,
sulfur, and nitrogen. Common to all such materials is a molecular structureonsisting of
alternating single and double carbon bods, a conjugated structure. Each carbon atom in a
conjugated structure possesses three covalently bonded 3pybridized electrons and a single
electron residing in the p, orbital extending perpendicular to the plane of the other three electron
I OA E Qd pldn®of gonjugation). As depicted iRigure 1.9 the p, electrons of adjacent carbon
atoms form a resonant sp molecular orbital in which each dectron becomes delocalized over the
entire conjugation center. A single organic semiconducting molecule may be composed of many
ATTEOCAOGEIT AAT OAOOh OUDPEAAITU 1 ETEAA OEOI-OCE
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Figure 1.9: sp2? hybridization of p -orbitals in benzene ring. 53

1.6.2 Electronic Properties of Organic Semiconductors

Similar to inorganic semiconductors, organic semiconductors possess a bandgap across
which electrons must be promoted in order to become free charge carriers. Howevemlike bulk
inorganic (crystalline) semiconductors, which are described byextended valence and conduction
bands, organic semiconductors are more accurately described by a localized molecular band
structure. Within each conjugation center there exists highest occupied molecular orbital (HOMO)
analogous to the valence band and a lowest unoccupied molecular orbital (LUMO) analogous to a
AT T AOAOET T AATAS8 %l AAOOT 1T O OA-@leckdad) ge exdted OB ( / - /
, 5- 1 1 Adiedtions)iwhere they become delocalized over the conjugation center.

Immediately following excitation of an electron from the HOMO level to the LUMO level an
electron and corresponding hole reside on the same conjugation center and are tightly bound by
Coulombic effects (a result of the low dielectric constant of most organic materials). As depicted in
Figure 1.10, the bound electrorthole pair, known as an exciton, does ngiossessa net charge and

does not respond to an external electric field. These excitons do however respond to concentration

gradients, and diffuse toward regions of low exciton concentratiopt
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Figure 1.10: Depiction of exciton localized on a conjugation center of an organic semiconducting
polymer. 55

In order to separate the exciton into its respective electron and hole it is necessary to
provide sufficient energy to overcome the Coulombic binding energy. This can be accomplished
thermally, or more commonly by providing an interface with another semiconducting material that
has a lower LUMO level (facilitating electron transfer) or higher BMO level (facilitating hole
transfer). Figure 1.11 depicts the creation of a bound exciton arising from phot@bsorption,
followed by the formation of a charge transfer (CTktate following electron transfer to an acceptor
phase. Following exciton dissociation the electron and hole physically reside on different molecules.
However, their close proximity and the low dielectric constant of the organimedium leads to aCT

state in which the electron and hole remain bound by electrostatic attractio¥f.
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Figure 1.11: Charge transfer at an organic donor -acceptor interface. 56

If the binding energy of the CT state is oveome, generating a free electron and hole, charge
carrier | T OAT AT & OEOI OCE Al 1T OGCATEA | AOCAOEAI TAAOOO O
carrier residing on one conjugation center moves in a discrete event to an adjacent conjugation

center. Free carriers in an organic semiconductorA OA AOANOAT 01 U OAZEAOOAA Oi
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the local dipole andthe molecular distortion they create in the soft organic host materia#’.58 The
process of chargehopping must act to lower the freeenergy of the mobile species in the form of
reduced chemical potential energy (i.e. moving down a concentration gradient) or reduced
Coulombic energy (i.e. under the influence of aelectric field). The rate of conduction via charge
hoping is often mediated by theneed for thermal activation, leading to the uncommon observation
that conductivity in organic semiconductors often increases with temperaturé?.s®

An important factor influencing the efficiency of a PV device is the fraction afbsorbed
photons that lead to a free carrier entering an externatircuit. This ratio is described by the
internal quantum efficiency (IQE Equation 1.3 of a deviceand is the product ofthe efficiency with
which excitons reach a donoracceptor interface(Sep) , the dissociation efficiency of bound excitons

(Soiss ), the separation efficiency of the CT state(Soisscr), and the efficiency vith which free

carriers are collected by an external circuit $cq.6°

‘OL 0O- z- z — z — Equation 1.3

AEA AEEFEAEAT AU xEOE xEEAHdis & mdor lithitatioDi® drgadic E O
photovoltaic (PV) performance. If the CT state is not separated quickly (< 500 psjecombination
between the original electron and hole (geminate pair recombination) as well as recombination
between electrons and hole originating from different excitons (norgeminate recombination)
become likely. Additional energy is required to efficiently break the CT state and efficiently
generate free carriers. An applied device bias in addition to thermal ergy (possibly from the
LUMGy-LUMGQ, transition) must supply approximately 300 meV to overcome the CT bond and

create free carriers.

OAE
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Other commonly used definitions for the efficiency of a PV device include external quantum
efficiency (EQE), anghotoconversion efficiency (PCE).The EQE of a deviceeflects the fraction of
incident photons that lead to a free carrier entering an external circuit, and can be expressed by
Equation 1.4, wheresagsreflects the fraction of photons, of a given energy, that are absorbed. EQE,

like IQE is a wavelengtkspecific value.
000 - z000 Equation 1.4

The most inclusive measure of PV device efficiency is the PCE, which according to Equation
1.5 reflects the ratio of electrical powerextracted from a PV device verse theolar energy incident

on the devices1.62

5 z

VOO0 Equation 1.5

where the maximum electrical power @ the device (Riectica)) IS the product of the output current
(Imve) and voltage (Mamp) at the maximum-power-point of the device (seeFigure 1.16). Thepower
density of irradiance on the device (Ra) can in turn be expressed as th@roduct of the solar
power at each wavelength, multiplied by the device EQE at that wavelengtintegrated over all

wavelengths of incident light¢t

1.6.3 Poly(3 -hexylthiophene), P3HT

Presenting the expansive topic of organic materials beyond the scope of this thesis, so we
will limit the scope of the discussion to thevidely used organic semiconducting polymer poly(3
hexylthiophene) (P3HT), which is studied in Chapter 5 Thiophenes ae a widely studied and

utilized class of organic semiconductor.
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Polymers such as P3HT reflect an effort by chemists and material scientists to modify the
physical characteristics (solubility, miscibility, crystallinity, etc.) of the polythiophene molecule
without negatively affecting the conjugated electronic structure of the polymer. By adding pendant
groups to the thiophene repeat unit, it has been found that the device performance of
polythiophenes can be greatly improveds3 64 In the case of P3HT, the addition of a soarbon alkyl
chain to the conjugated repeat unit produces a polymer that exhibits excellent miscibility
characteristics and enhanced crystallinity, thereby improving charge transport in photovoltaic

devicesss

Figure 1.12: Depiction of P3HT molecules exhibiting side -chain stacking in the (h00) crystalline axis. ©5

P3HT has a HOMO level located at approximateit.65 eV (relative to vacuum) and a
bandgap of bandgap of between 2:2.5 eV 6566, Conduction in P3HT is dominated by hole
transport through the valence band, with reportedmobility values as high as 16103 cm2 V-1 5167
When paired with an electron acceptor material such assCor CdSe NCs, P3HT acts as an efficient

electron donor and hole conductor. The optical absorption of P3HT is shown kFigure 1.13.
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Figure 1.13: Absorption spectrum of typical P3HT film cast on a glass substrate.

1.6.4 Crystallinity and Morphology of P3HT in Multi  -phase Organic Blends

P3HT is widely used in PV devices as the electron donating species in a deaoceptor
blend. The relatively high holemobility, moderate bandgap, and position of the LUMO level in
P3HT all make it an attractive material for pairing with electron accepting species such as
fullerenes and inorganic NCs. One of the most unique and advantageous characteristics of P3HT is
its tendency to crystallize into elongated nanoscale crystallites. In the presence of a poor or
marginal solvent, P3HT nanowires form spontaneously due to intermolecular stacking of adjacent
AOUOOANOOPAAEET ¢Q8 4EA OAOOI OO0 PIHDAairs aligneéd ithd T T x EOA
direction of the wire axis [001]AT A x-E OB6OAAEET ¢ 1 AAOOOEIT ¢ PAOPAT AEAC
/| OOET ¢ci 1T A1 O -OEAOAEBBIA @yStalline dxigEharacterized by lamellar side
chain stacking Figure 1.12), designated[100].

The nanowire morphology of P3HT can be advantageous for device performance. As
discussed above, in order to efficiently exact free charge carriers from P3HT (or any other organic
semiconductor) the exciton must diffuse to a donoiacceptor interface where a favorable band off

set between the LUMO levels of the acceptor and donor phases facilitates exciton separation.

Studies have shown that for exciton dissociation to occur efficiently in P3HT, an exciton must reach
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an interface within approximately 400 ps, corresponding to a diffusion distance of ~-82 nm at

Active
Volume

Non-active
Volume

room temperature. 54,60

~10nm I

Donor-type Organic Nanowire

h*

Donor

Acceptor

Figure 1.14: Active volume within a nhanowire structure.

The optimal morphology of an organic PV device often correlates to a geometry exhibiting
OEA COAAOAOO OAAOE whmebradiod bf kbseing madddl Withig, an @xeithn
diffusion length of a donoracceptor interface. Excitons generated outside of this volume are
expected to undergo recombination before being separated into free electrons and holes, and
therefore do not contribute to the performance of the PV device. In most organic semiconductors,
excitons are able to diffuse ~ 10 nm prior to recombination. An exciton in an inorganic CdSe NC
film is also highly localized (typically located on a single NC coréd put unlike an organic material,
Al AQAEOIT ET A .# AU DPAOOEOO /i sbverd ordblogiesp t O8
that offer a high active volume fraction: densely packed spheres or cylinders of the donor (acceptor)

material with diameters of ~ 20 nm embedded in the acceptor (donor) phase or a laminar

morphology of alternating donor/acceptor layers which are ~ 20 nm thick (~10 nm thick if a
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bilayer). However, the requirement for continuous electron and hole conduction pathways to the
cathode and anode of a PV device suggest that only nanowires embedded in the complementary
phase or a bilayer dowr/acceptor morphology will yield a useful PV device. The need for
significant absorption by the composite material (i.e. a satisfactory optical depth) greatly reduces
the utility of a bilayer device in which each phase may be only ~10 nm thick. A nanowi
morphology of intermixing donor and acceptor materials is therefore the most likely structure to

yield an efficient composite NC/P3HT PV device.

1.7 Hybrid NC-P3HT Composites for Photovoltaic Device Applications

For the reasons described above, a compositenaterial consisting of an inorganic
semiconductor such as P3HT and inorganic NCs (such as CdSe or PbS) offers the potential to yield a
material with good photovoltaic performance. In order to rationally design a composite material of
this type it is necessary to consider the physical process of generating photovoltaic energy and how

materials and processing can be harnessed to produce an efficient hybrid orgai€ PV device.

1.7.1 Introduction to Photovoltaic Devices
A photovoltaic device is characterized bythe intimate junction of two semiconducting
materials (or phases); one or both of which absorbs light and generates excited electrbple pairs
(i.e. excitons). In the case of an organic PV device at least one of the photoactive materials will be
an orgaric semiconductor and exhibit the various physical properties discussed above. By virtue of
off-sets in the conduction (LUMO) and valence (HOMO) bands of the respective phases, excitons
which reach the interface of the two materials will be separated intdree carriers. As depicted in
Figure1150EA | AOAOEAT OEAO AAAADPOO AT A AT 1T AGweO Al AAO

while the material OEAO AAAADOO AT A Al 1 AOAOO-tyge) Mpialyitd AAI 1 /
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is the donor phase in which the majority of optical absorption occurs, however i@hapter 5 of this
thesis we will investigate hybrid NC/P3HT composite materials in which both phases are expected
to absorb incident light and generate excitons.

Front Reﬂechon
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Figure 1.15: Schematic of charge collection in a photovoltaic device .69

The performance of a PV device is often modeled using a circuit diagn of the type
depicted in Figure 1.16.70.71 The various circuit elements are intended to capture the various
physical phenomenon that occurn a PV device. | represents thesum of all excitons that reach a
donor-acceptor interface The diode element is included parallel to the current source taccount
for events such asrecombination of carriers in the CT state and annihilation of freearriers that
encounter other free carriers of the opposite chargggeminate and nonrgeminate recombination
respectively). The Ry circuit element (shunt resistance) reflects the fact that free carriers can
undergo further recombination with oppositely charged carriers at the unintended electrode if
shunt pathways are present. Finally, R(series resistance) represents the averageesistance
encountered by electrons and holes within the device as they travel from their point of origin to the

cathode or anode respectively.
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Figure 1.16: Circuit diagram representing a PV device and corresponding | -V curve under illumination.

When the circuit diagram inFigure 1.16 is applied to a constant current source (such as an
ideal PV devicg the resulting device currentvoltage (V) response can be described using
Equation 16 and Equation 1.7 where | = §c when there is no load across the terminals of the
PV device (i .¢e. “ s hogthe vattage across the terminats efrihe teyvicea n d

when no current i s all owed to2exi't the circui

3 +1 o V+I .

I =1, - Ioexp%lequ-lg-—'R Equation 1.6
¢ NKkT = Ry

®w -00000 00 YD O T Equation 1.7

The IV curve corresponding to Equations 1.6 and 1.%an be seen inFigure 1.16. From
Equations 1.6 and 1.7 it is possible to write an alternative expressidior PCE(than that given by
Equation 1.5. By employing the concept of filfactor (FF), which describes thegeometry of the IV

curve and the ideality of the PV devicperformance, we can use Equatio 1.8 to calculate the PCE of

aPV device.
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060 — Equation 1.8

It is immediately apparent that optimal PCE ofa PV device willcorrespond to alarge Vog a
high Isc, and aFFapproaching unity. These conditions will be satisfied whetRsn is large (infinite)
Rsis low (zero).

In order to determine an optimal combination of materials and processing techniques for a
PV device itis useful to consider the above circuit diagram and four physical parameters that
correlate with good PV performance: (1) Bound electrosinole pairs (excitons) must originate from
optical absorption throughout an energetic portion of the solar spectrum (~10-1.6 e\}73.74 within a
diffusion length (~ 10 nm) of a donoracceptor interface, maximizing | (2) the band energy offset
of the donoracceptor interface (LUMGono-LUMQuccepio) Should facilitate efficient exciton
separation into free carriers (without unnecessarily reducing the voltage of the PV device,
HOMQonor - LUMQxcceptor), mMinimizing the apparent diode losses, (3) the electron and hole
conducting phases must offer continuous conduction pathways (with minimal tortuosity) to the
cathode and anodes respectivelyminimizing Rs, and (4) continuous donor or acceptor pathways
between the cathode and anode (i.e. shunt pathways) must be avoided to minimizesR

Meeting these optical, morphological, and electrical requirements is a difficult task that
requires careful mnsideration of materials and processing. Here we will quantify the above criteria
in order to motivate the selection of materials and processing used to fabricate the hybrid
composite material(s) described in this thesis.

The band structure of each conduent phase (organic and inorganic NC) influences both
the absorption spectrum and exciton separation efficiency within a composite PV material. The

energetic difference between the valence (HOMO) and conduction band (LUM@ithin each
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material (i.e. bardgap, E) determines the longest wavelength (lowest energy) photon that phase
can absorb. In the absence of other criteria, this characteristic of absorption would suggest that
selection of materials with the smallest bandgaps are preferable by virtue ofie¢ir ability to absorb

the widest portion of the solar spectrum. However, much of the photon energy in excess gifHost

to thermal energy, so optimal efficiency of a PV device (based on a single absorber) occurs whgn E
~1.0-1.6 eV3. 74 Moreover, the relative positions of the electron and hole conducting bands
(conduction/LUMO and valence/HOMO respectively) directly influence exciton separation

efficiency as well as the voltage output by BV device.
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Figure 1.17: Depiction of inorganic NC donor -organic acceptor interface.

In order to harness the favorable electronic and morphologic properties of P3HT, it is mixed
with an acceptor phase thathas appropriate electronic and miscibility characteristics. Desirable
electronic characteristics of the acceptor phase include high electron mobility, a bandgap greater
than that of P3HT (assuming P3HT to be the primary absorber), and a LUMO level at aren
negative value than that of P3HT. An acceptor phase LUMO level ~300 meV below that of P3HT has
been reported to promote efficient separation of the CT state resulting from initial exciton

dissociation across the donofracceptor interfaceto.72 Traditionally, the acceptor phase must also
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exhibit certain good solubility in a common P3HT solvent such as toluene, chlorobenzene, or
chloroform and only moderate miscibility with P3HT in the absence of solvent, promoting growth

of the P3HT nanowire morphology.

Figure 1.18: Chemical structure of PCBM molecule.

With the above criteria in mind it is not surprising that fullerenes have emerged as a
common type of acceptor material for pairing with P3HT in PV applicationg® 76 Specifically [6,6}
phenyl-Gs:-butyric acid methyl ester (PCBM) with a & moiety has proven to exhibit a good
combination of electronic and miscibility characteristics Figure 1.18). PCBM has a HOMO level-of
6.18 eV and a LUMO level e8.17 eV, corresponding to a bandgap of approximately 2.48 &V This
places the LUMO level of PCBM approximately 800 meV below that of P3HT, facilitating exciton
dissociation at the P3HT/PCBM interface. Furthermore, PCBMs excellent solubility in many of
the same solvents used to dissolve P3HT, and upon removal of these solvents it is observed that

P3HT grows into highly crystalline nanowires surrounded by a PCBHKth matrix.

-2.35eV
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Figure 1.19: Band structure of P3HT -PCBM interface.
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1.7.2 The Bulk Heterojunction Architecture for Organic Photovoltaic Devices
The term bulk-heterojunction (BHJ) is used to often usedo describe a donoracceptor

blend with nanoscale phase separationsuch aghe type found in blends of P3HT and PCBM. As the
name suggests the key attribute of this structure is an abundance of dissimilar material interfaces
occurring throughout the volume of a bulk (or microscale) material. This structure stands in
contrast to more traditional bilayer or solid-solution materials in which the phase interfaces are
precisely located or entirely absent respectively. A depiction of a BHJ structure is givienFigure
1.20.
&

_l
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DonorPhase
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Figure 1.20: Depiction of bulk -heterojunction architecture.

The use of P3HT with veous fullerene derivatives (including PCBM) was one of the first
material combinations shown to spontaneously generate a BHJ structure that proved efficient for
use in PV deviceg278.79 Typically P3HT and the fullerene species are mixed in a common solvent
that fully dissolves both species. The solution is then spitast on a trangarent conductive
substrate. As the carrier solvent evaporates during (and following) the spinning process, the
concentration of the donor (P3HT) and acceptor (fullerene) species increase and eventually exceed
the solubility limit of the remaining solvent at which time precipitation of solid material occurs. A
fraction of the P3HT forms nanowires suspended in a matrix of fullerene. The fullerene species

tends to fill the regions between P3HT crystallites but is also known to form pure crystalline



Chapter 17 Introduction and Background to Nanomaterials 45

regions of its own. While not optimized, this spontaneous demixing of the donor and acceptor
phases is the first step in the formation of a BHJ structure that can be used in the production of
efficient organic PVs.

Postdeposition treatment of the deposited dono-acceptor BHJ structure can lead to
dramatic improvement of crystallinity, morphology, and eventual PV device performancg:s3
Thermal annealing of asdeposited BHJ films is the most important processing step in the formation
of optimized BHJ$4 Grazingincidence wide-angle xray scattering (GIWAXS) experiments have
shown that annealing of the agdeposited film at temperatures between 76180 °C can dramatically
increase the crystallinity of the donor and acceptor phase®.83 The crystallization process is
accompanied morphological changes such as growth of P3HT crystallites and redistribution of
fullerene 80.82.83 \While it is difficult to deconvolute the effects of crystallinity and morphology on PV
device performance, it has been conclusively demonstrated thahermal annealing improves PV
device performance.

The work of Loos and Ade has attempted to isolate the importance of changes in
morphology during the annealing proces$2.85.8 Work by Nelsonand coworkers hasfound that
crystallization of the P3HT phase concludes at relatively short annealing times (< 5 min) while
nanoscale morphology continues to evolve over longer time scales during annealittgSpecifically
they have shown that annealing leads to changes morphology associated with migration of the
fullerene species®® In recent years it has been proven that an optimal BHJ device does not consist
of only two distinct donor and acceptor phases, but also a third phase that is an amorphous solution
of the two materials. Masscontrast transmission electron microscopy has proven a powerful tool
in monitoring the evolution of BHJ morphology during annealing. The work of Loos has been

particularly powerful in demonstrating that upon annealing PCBM diffuses into regions of
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amorphous P3HT creating a mied phase containing up to 25 wt. % PCB#MS85.86 This work has
been complemented by investigation of BHJ films using dynamic secondary ion mass spectrometry
(DSIMS). Using DSIMSreat et al. have shown that intercalation of PCBM into amorphous regions
of P3HT is thermally activated and can lead to diffusion of PCBM through the full thickness of a 200
nm thick planar P3HT film8 Characterization of the same films with GIWAXS confirms that this
redistribution of PCBM does not disrupt P3HT crystallites (the size of P3HT crystallites is observed
to increase) and is instead driven by intermixing of PCBM with amorphous regions of P3HT.

Although less widely employed, vaporphase solvent annealing of asleposited BHJ films
with a low boiling point solvent such as toluene or chloroform has also been found to facilitate
crystallization and phase separation, leading to improved PV device performang&esé Typically this
process is employed prior to thermal annealing.

Through advances in materials and processing it has become possible to reliably produce
all-organic BHJ materials with excellent PV performance. The highesported PCEfor such devices
are now over 9%28991 Due to the low cost of lhe precursor materials, their high activevolume
fractions (i.e. film volumes within an exciton diffusion length of a doncacceptor interface), and
their potential for high-throughput production (i.e. roll-to-roll processing) organic BHJs are an

attractiv e platform for low-cost solar energy conversion.

1.7.3 Photovoltaic Nanoc omposites with a Bulk Heterojunction Morphology = Formed
by Back-filling of P3HT Nanowires with Inorganic NCs

Attaining higher efficiencies from organic PV devices will likely require newmaterials
systems that absorb in the infrared (IR)portion of the solar spectrum. In particular, the use of
inorganic IR sensitizing materials in conjunction with organic materials holds promise for

enhancing the efficiency of lowcost PV devices?294 Inorganic NCs have desirable optical and
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electronic properties and could serve as an optical sensitizing agent within laybrid BHJ%-97 As
seen inFigure 1.21, inorganic NCs such as PbS could effectively sensitize a hybrid PV device to the
mid-IR portions of the terrestrial solar spectrum (7432500 nm), representing up to 43% of the
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Figure 1.21: ASTM 1.5AM terrestrial solar spectrum.

Hybrid organic/inorganic PV devices are an enticing platform for solar energy conversion
due to the potentially low cost of the precursor materials as welhas the possibility for high
throughput production (i.e. roltto-roll processing). The incorporation of an inorganic
semiconducting material into organic PV devices could increase the PCE of such devicesby

increasing infrared (IR) light absorption [sass(l k), Equation 1.4] Semiconducting inorganic NCs

are a good candidate this application due to their broad sizéependent absorption and high
internal quantum efficiency (approaching 100%). Figure1.22 shows that a 4 nm CdSe NCs with a
band gap slightly less than that of P3HT will, by virtue of its band structu®,act as an effective

electron acceptor when in contact with P3HT.Furthermore, NCs can be processed using solutien
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phase techniques similar to those used for organic semicdactors and are amenable to similar

high-throughput processing techniques.

-2.35eV

-3.30eV

-4.65 eV
P3HT

— -5.43eV
CdSe NC

Figure 1.22: Position of HOMO and LUMO levels of P3HT compared to valence and conduction band
levels of a 4 nm diameter CdSe NC.

However, if traditional one-step casting methods are to be used, it is crucial that NCs have a
specific set of solubility and miscibility criteria that promote the formation of a BHJ architecture
with the organic phase Figure 1.23). In reality it is found that the simultaneous requirements of
NC stability (i.e. avoidance of aggregation), good electrical conductivity (i.e. short conductive
ligands), and miscibility are difficult to attain; yielding hybrid NC/organic materials that lack an
efficient BHJ morphology. Specifically, it is observed that NCs with short conductive ligands tend to
aggregate within an organic donor material, resulting in an infficient donor-acceptor morphology.
Attempts to improve NC/polymer miscibility have centered on the use of exotic conjugated ligands
that hinder hole transport through NGrich regions of the material>4 The use of traditional one
step casting techniques, such as spin casting NCs simultaneouslith organic semiconducting

materials, havetherefore met with limited success and modest device performance?. 100

N
\

Figure 1.23: Criteria for the formation of an efficient BHJ PV material
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One strategy for attaining a BHJ morphology in a composite NEganic material is to
structure one phase of the composite first and then backfill the second pha%e.For photovoltaic
devices it is particularly desirable to generate a nanowire morphology which results in a high
volume fraction of material within an exciton diffusion lengtt#® of a donor-acceptor interface (i.e.
active-volume). In Chapter 5 we show a novel technique for employing this strategy and
demonstrate how it can be used to improve the PCE of M€nsitized organic PV devices.

Considerable research has been dedicated to thdevelopment of lowdimensional
structures composed of organic semiconductor2-104 Previous work has shown that it § possible
to deposit a mat of P3HT nanowires on a variety of substrates utilizing rigid templaté&s-108 and
electrospinning,109.110 as well as by growing P3HT nanowires in a marginal solvent and casting
these fibers on a substratéll-113 Using such techniquestiis possible to backfill a high active
volume P3HT morphology with a complementary acceptor material, in some cases Yyielding
photovoltaic devices with external quantum efficiencies (EQEs) of over 3%!..112 More recently it
has been shown that various organic nanowires (including P3HT) can be decorated with NCs while
still in solution prior to casting on to a substratel4-116  Although solution-phase methods for
generating P3HT nanowires can yield efficient BHJ structures, their reliance on relatively large
volumes of dilute P3HT nanowire solutions is undesirable from a production standpoint. The need
for careful filtration of unwanted byproducts further limits the utility of solution-phase nanowire

production.

1.8 Work Explored in this Thesis
The increased importance of nanoscalenaterials is being driven by the need for advanced
materials with new optical, electronic, magneticand mechanical properties As will be discussed in

this thesis, the utility of these nanoscale structuresgs only as geat as theirability to influence the
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macroscopic world that we live in. It is often necessary for nanomaterials such as those used in
photovoltaics or structural composites to incorporate > 1@ nanoparticles per cubic centimeter in
order to yield an aggregate performance that is competitive with existing (i.e. micro or macroscopic)
technologies. The question then arises: how can bdlis of individual nanostructures (NCs, NWs,
etc.) act in unison to accomplish a common purpose? In many cases, the answer to this question is
that these individual nanostructures must interact with a common macroscopic medium that in
some way pools theircollective performance to yield a useful effect. As the reader may realize, this
is the classic description of a composite material.

It will be shown in this thesis that nanocomposite materials are an importantopic in
nanotechnology by virtue of their physical properties arising from the collective behavior of
nanoscale structures (i.e. NCs, nanowires, etc.Jocated in a common unifying medium. An
important characteristic of any such composite materials is thdocation and morphology of the
interface between the filler material (typically the NC phasg and the matrix phase (ypically an
organic material). There are, however, problems inherent to nanocomposites that are not present
in conventional composites utilizing macroscopic filler materials: theénability to selectively place
nanoscale structures(such as NCs)within a final product, and, in the case of electrically active
nanocomposites, the insulating nature of organic binder materials. The theme of this thesis will be
to study mechanisms by wich these two problems can be mitigateéh NC/organic nanocomposites
through sequential processing using baciill methods.

Throughout this thesis two-step backfilling techniques will be used to ontrol the location,
morphology, and chemstry of NGorganic interfaces within nanocomposite materials. By
separating the synthesis of the nanocomposite into multiple processing steps it is possible to utilize

fabrication techniques that are wellsuited to a single phase, while avoiding conditions that nght
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damage the other phae Figurel.24 depicts how a twostep fabrication process of a hybrid

NC/organic composite can expand the rage of viable process conditions, thereby improving

material quality and expanding the range of potential composite structures.

(a) (b)

Step 1 Process
Conditions

NC

Properties

Step 2 Process
Conditions

Miscibility and
Morpholo 2y

Qrganic

Properties

Figure 1.24: Depiction of increased process flexibility through (b) two-step nanocomposite
fabrication compared to (a) single -step fabrication .

Often the first step inthe design of ananocomposite nmaterial containing NCsis the choice of
NC ligand. As described in Chapter 2 and applied in Chapter 6, the surfpaeperties of a NC carbe
controlled at the molecular scale by application of synthesis methods resulting in deliberately
chosen ligand molecules chemisorbed to the NC core surfac&@hese ligands represent a crucial
component of a NC composite and willlictate NC solubility ard mediate the exchange of energy
(electrical, thermal, mechanical) between the NC core and the binder materjaksulting in changes
to the mechanical, optical, and electronic properties of the composite When chosen correctly,
ligands will protect NCs from degradation (such as oxidation) andacilitate subsequet processing
steps such as EPDsolution casting etc We will present several NC synthesis methods for the

preparation of NCs with ligands that facilitate EPD, improve energy transfer, or both.
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EPD of NCs is a process that is sensitive to not just ligand type, but also ligand density. In
Chapter 2 we will describe theDT 00 OUA DERBDIEGo O £ . #0 OEAO EO 1T AAAC
unfortunate side-effect of this washingprocedure and the assodated loss of ligands is thatas
deposited EPD NC filmsontain a substantial amount of deposition solvent andndergo substartial
contraction upon drying. If the EPD NC film ishick (~ 600 z 800 nm), fracture of the dried film
typically occurs. We showin Chapter 3 and Chapter 4 thaback-filling methods can be applied to
EPD NC films to createnechanically robust andhighly photoluminescentnanocomposite

Chapter 3 will examine the implications ofback-filling EPD NC films with excess ligand
material and the properties of the composite film that results. We will show that by controlling the
amount of ligand material added to the asleposited EPD Ndilm it is possible to suppress fracture
of the dried film while adjusting the film thickness, elastic modulus, and PL efficiency.

In Chapter 4 we find that fracture in dried EPD NC films can also be suppressed by addition
of polymeric precursor molecules (monomers), followed by U\polymerization to create a
NC/polymer composite. In addition to being free of cracks, these composite films are found to have
improved elastic recovery and are highly photoluminescent (compared to untreated EPD NC films).

In Chapter 5 we demonstrate the versatility of twestep back-filling methods by reversing
the roll of organic and inorganic phases presented in Chapters 3 and 4: organic nanostructures are
back-filled with inorganic NCs to create a nanocomposite for PV applicatiansFilms of organic
semiconducting nanowiresare first generated by manipulatingthe phenomenon ofspontaneous
phase separéion in hetero-polymeric blends. After removal of one polymeric phase, a film of
semiconducting P3HT nanowires is exposed. The nanowirims are then back-filled with a

complementary phase of CdSe NCs passivated with small ligand molecules (pyridine). By separate
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application of the organic and NC phases using bafik methods we are able to create a bulk
heterojunction nanostructure that is well suited to PV applications.

Finally, in Chapter § exploratory studies are conducted thatemploy the full set of tools
discussed above (ligand chemistry, EPD, and bafik methods) in conjunction with electron beam
lithography to createnovel photoactive materiak. We first show that fracture of thick EPD NC films
can be avoided when the lateral dimension of the NC film is limited by selective deposition on
micron-scale patterned electrodes. An interdigitated electrode architecture is then selectively
decorated with smallmolecule terminated NCsusing EPD leading to dense, crackree NC films
with micron-scale lateral dimensions. These patterned EPD NC films are subsequently bfitdd
with a complementary NC film applied via spin-casting. The resulting hanocomposite material
(overcoating an appropriate patterned electrode) represents a device architecture that is capable of
lateral (in-plane) exciton separation and potential application as a loveost platform for PV devices.

The ability to control the location and morphology of nanocomposte interfaces through
two-step backfiling methods will be explored from multiple directions to create hybrid
nanocomposite materials with enhanced functionality.Various size scales of interfacial engineering
will be utilized. It will be shown that at the molecular scale control of the nanocrystal interface
through choice of ligand enables control of nanocrystal growth (i.e. size and shape), solubility, and
energy transfer. At the nanometer length scale we will show that EPD of inorganic NCs and growth
of organic nanowiresthrough demixing of polymeric blendscan be used tacreate nanostructures
with unique mechanical, optical, and photovoltaic performance. Ahe micron length scalewe will
employ lithographic techniquesto create device architecturesfor novel photovoltaic devices. In

each case the selected mechanism for interfacial control within the nanocomposite will be
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employed as part of sequential processing method utilizing backfilling techniques to achieve a

nanocomposite structure with thedesired physical attributes.
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2 %@DAOEI AT OAl - AOET AO
2.1 Synthesis of Inorganic Nanocrystals
Inorganic nanocrystal (NC) swythesis is typically a hightemperature chemical reaction
carried out under inert atmophere conditions. Using an apparatus similar to the one depicted in
Figure2.1. The contents of a threaeckflask are heated using an electric heatinmantle positioned
beneath the flask, while a thermocouple with a vacuurtight seal inserted through one of the flask
openings monitors temperature. Using a digital temperature controller, the temperature of the
reaction mixture can be carefully controlled. Theatmosphere of the flask is controlled utilizing a
vaccum/nitrogen manifold. Typically the flask is placed under vacuum, then filled with an inert gas
(nitrogen). This process is repeated several times until very little oxygen or moisture is left in the
headspace of the flask. Reactantsan beadded to the flask(even at high tempeature) through a
septum using a syringe equiped with an hypdermic neediith out disturbing the inert atmpshpere.
Following the specific synthetic prcodure corresponding tceach particular NC type, NCs
AOA OUDPEAAI T U OxAOEAAd ET A POITAAOGO 1T £ POAAEDPEOAC
and redispersal in a good solvent. This washing procedure can be carried out multiple times, and,
the resulting NCs will be A OECT AOAA Op8oh O¢sdoh AOA8 AAOGAA 11 C

have undergon.
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Figure 2.1: Diagram of NC synthesis apparatus.

2.2 Synthesis of Cadmium Selenide Nanocrystals

Synthesis of highly monodisperse cadmium selenide (CdS¢ nanocrystals (NC9 was
carried out using technique adapted from Murray et. & and Yu et. af® common to all synthetic
routes discussed below are four reaction components: a cadmium precursor, a selenium precursor,
a coordinating solvent, and a ligand species. We wdmploy two categories of CdSe NC synthesis
that utilize dimethylcadmium and cadmium oxide (CdO) respectively as the cadmium precursor.
We will also explore the use of various coordinating solvents, which include 90 % purity TOPO
(Sigma), 99 % purity TOPO (Sigma), and 90 % purity HDA (Sigma). The ligand speahay be
introduced deliberatley in the form of tetradecylphosphonic acid (TDPAQ7%, Strem Chemicalspr
oleic acid (CdO precursor synthesis). Alternatively, if 90 % pure TOPO is used as the coordinating
solvent, impurities such as phophaic acids!!?, can be the source of ligand material. The selenium

precursor in all cases is trioctylphosphineselenium (TORSe).

2.2.1 Synthesis of CdSe NCs using Dimethylcadmium
The following synthetic technique was used to produce the CdSe NCs studied in Chapter 3

and Chapter 4. 1 a typical synthesisl2 g ofcoordinating solvent [90 % purity TOPO (Sigma), 99 %
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purity TOPO (Sigma), or 90 % purity HDA (Sigma)] was added to 0 mL three-neck flask.
Depending on the exact synthesis, various mixtures of the above coordinating solvents were used,
including 100 % TOPO (90%), 1:1 (by weight) TOPO (90 %)/ HDA (90 %), or 1:1 (by weight) TOPO
(99 %)/ HDA (90 %). If 99 % purity TOPO was used, it wadveays neessary to add 0.75 wt. %of
tetradecylphosphonic acidto act as an active ligand species (similar imipurities are know to already
be present in 90 % purity TOPOY?. The contents of the flask wereheated to 110 °C for 2 hours
under vacuum. The solution was then heated to approximately 355 °C under a nitrogen atmosphere.

Separately, in an nitrogerfilled glove box, a solution of 1.0 M selenium (99.999%, Sigma)
dissolved in trioctylphosphine (97%, Strem Chemicals) was prepared by stirring at 70 °C for 8
hours. 1.555 g of this TOFSe solution was then mixed with 4.986 g trioctylphosphine and 0.15g of
dimethylcadmium (99%, Strem Chemicals). The combined solution wadoaded into a syringe and
transferred out of the glove box. The TOPO/tetradecylphosphonic acid solution was allowed to cool
and when the solution reached 350 °C the mixture of TOP/TGHe/(Me).Cd was rapidly injected,
causing the contents of the flask tochange from clear to dark orange over the course of
approximately 5 minutes, indicating the presence of CdSe nanocrystals. The temperature was
allowed to stabilize at 280 °C and the solution held at this temperature for 20 minutes before
cooling.

Approximately 10 mL of toluene was added to the flask at ~60 °C. The contents of the flask
were then withdrawn and placed in two 50 mL centrifuge tubes. To each tube, 20 mL of methanol
and 10 mL of acetone were added, causing floculation of the CdSe NC phake.ddSe NCs were

precipitated under centrifugation and redispersed in hexane.
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2.2.2 Synthesis of CdSe NCs using Cadmium Oxide

This synthesis procedure was used to produce some of the CdSe NCs studied in Chaptér 3.
solution of cadmium oleate was prepared ¥ adding 0.2056 g (1.6 mmol) cadmium oxide, 4 mL of
oleic acid (12.6 mmol) and 1 mL of octadecene to a 25 mL threeck flask. The solution was
degassed at 100°C for 30 minutes before heating to 240 °C under nitrogen. Above approximately
200 °C the oleicacid complexes with the cadmium ions and the solution turns clearThe optically
clear solution was held at 240°C for 10 min and then cooled to room temperature.

7 g of TOPO (90%) and 7 g of HDA (hexadecylamine) (90%) were added to the original flask
containing the cadmium oleate. The solution was then degassed at 100°C for 2 h. In order to
reduce the presence of water generated from condensation of excess oleic acid with TOPO and HDA,
the solution was heated to 210 °C under nitrogen for 5 min and thenooled to 100°C for an
additional 1 hour of degassing. Finally, the solution was heated to approximately 310°C before
removing heat and allowing the solution to cool. As the solution passed through 300°C, 8 mL of
TORSe solutbn was rapidly injected. Hat was applied to the solution immediately after injection
of TORSe and after an initial tenperature drop the temperature was raised to 280°C and the
solution is held at this temperature for 8 min before cooling.

When the NC solution reached 60°C approxiately 10 mL of toluene was added and the
combined liquid was withdrawn and divided between two 50 ml centrifuge tubes, each containing 5
ml of butanol (to prevent solidification of the now cool NC solution). 10 ml of acetone and 10 ml of
methanol were added to each tube and then centrifuged. The precipitate was redved in hexane
and once again centrifuged. The supernatant was recovered and filtered through a 0.2 micron pore
size PTFE filter and stored in a nitrogen filled glove box. The final diameter of tkdEISeNCswas

determined using U\vis absorption spectroxopy and confirmed with TEM analysis.
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2.2.3 Synthesis of Phenylphosphonic Acid Terminated CdSe NCs

This synthetic procedure was used to produce the CdSe NCs studied in Chapter 6.
Phenylphosphonic acid was used as a ligand for CdSe NCs by adapting the procedeseribed
above for the synthesis of CdSe NCs via the dimethylcadmium route09g (~0.75 wt. %) of
phenylphosphonic acid (Sigma, 99%) was added to 12 g of TOPO (Sigma, 99%) in a 50 mL three
neck flask and heated to 110 °C for 2 hours under vacuum. Theldion was then heated to
approximately 305 °C under a nitrogen atmosphere.

Separately, in an nitrogerfilled glove box, a solution of 1.0 M selenium (99.999%, Sigma)
dissolved in trioctylphosphine (97%, Strem Chemicals) was prepared by stirring at 70C° for 8
hours. 1.555 g of this TOFSe solution was then mixed with 4.986 g trioctylphosphine and 0.1§ of
dimethylcadmium (99%, Strem Chemicals). The combined solution was loaded into a syringe and
transferred out of the glove box. The TOPO/phenylphosphdn acid solution was allowed to cool
and when the solution reached 300 °C the mixture of TOP/TGH/(Me).Cd was rapidly injected,
causing the contents of the flask to change from clear to dark orange over the course of
approximately 5 minutes, indicating the presence of CdSe nanocrystals. The temperature was
allowed to stabilize at 250 °C and the solution Hd at this temperature for 20 minutes before
cooling.

Approximately 10 mL of toluene was added to the flask at ~60 °C. The contents of the flask
were then withdrawn and placed in two 50 mL centrifuge tubes. To each tube, 30 mL of methanol
were added, casing precipitation of the CdSe NCs under centrifugation. These NCs could be
redispersed initially in either toluene or hexane, however repeated washing results in a dramatic

change of NC solublity and provides evidence of of the ligand population.
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Two washing procedures were developed in order to elucidate the origin of the observed
change in NC solubility with washing. If successive steps of methanol precipitation followed by
(clean) hexane dispersionwere carried out it wasobserved that 3X particlesvere no longer soluble
in non-polar alkane solvents but are highly soluble in aromatic solvents such as chlorobenzene or
toluene.  This indicates that methanol washing gradually removes the alkylated TOP molecule
(probably by oxidation of the phosphine had group), leaving a population of predominanlty
phenylphosphonic acid ligands. When the TOP ligands are absent it is found that the NCs are stable
for several hours and deposit well by EPD, but do not have a long sHidi.

An alternative washing procedure was used in which the particles were dispersed in a
solution of 2 vol. % TOP in hexane after each methanol precipitaiton step. Using this waghin
technique the NCs remain solble in alkane solvents such as hexane indefinitely (>01X). We
attri bute the persistent solubility of NCs in hexane using this technique to the replenishment of the
alkylated TOP molecule during each washing step. A similar technique may be used in which the
TOP is substituted for diphenylphosphine (DPP), resulting in péicles that are only soluble in

aromatic solvents but exhibit a longer self life associated with improved surface pacivation.

2.2.4 Pyridine Ligand Exchange with CdSe NCs

Pyridine ligand exchange of CdSe NCs was carried out and the resulting NCs used todatwi
the NGsensitized photovoltaic (PV) devices studied in Chapter 5CdSe NCs synthesized via the
dimethylcadmium route were first dispersed in hexane and precipitated with methanol under
centrifugation. The solid precipitate was dispersed in pyriding99% Sigma) under sonication at
60 °C over the course of 4 h. -Hexane was added to the clear CdSe Hgridine solution leading to
a cloudy suspension of flocculated NCs. This solution was centrifuged and the precipitate was again

dispersed in fresh pyridne under sonication resulting in a clear solution. For NCs used in P3HT
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photovoltaic devices nhexane was added a final time to precipitate the CdSe NCs under
centrifugation and the NCs were redispersed in a solution 1:2 solution of DCB/dibenzyl ether (EB

(99%, Sigma).

2.3 Synthesis of Lead Sulfide NCs
2.3.1 Synthesis of Lead Sulfide NCs with Naphthoic Acid Ligands

In Section 6.1.2we investigate films of naphthoic acidterminated (-NA) lead sulfide (Pb$
NCs deposited using EPD. These PN8 NCs were produced using a technique adapted from a
procedure previously reported by Owen et al. for the synthesis of naphthoaterminated CdSe NCs.
First, asolution of lead naphthoate was prepared by combining 0@ g of lead acetate trihydrate
(0.8 mmol) with 0.414 g of 2naphthoic acid (2.4 mmol) in 20 ml of dibenzylether in a threeneck
reaction flask. Tle solution was heated tal30 °Cunder vacuum for 2 hours to remove waterand
the acetic acid byproduct befoe heating to 190°C for 20 minutes under nitrogen. The contents of
the reaction flask wascooled and the cloudy solutiontransferred to a 50 ml centrifuge tube and
spun at 9000 RPM for 6 minutes to isolate the leadaphthoate precursor from unreacted lead
oxide and napthoic acid which precipitate as a solid pellet (to be discarded) After centrifugation
the supernatant was placed in a clean 50 ml-8eck flask, and heated to 70Cunder vacuum for one

hour.

™

Figure 2.2: Molecular structure of 2-naphthoic acid.
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Separately, in a nitrogerfilled glove-box a 1.0 M solution of tributylphosphine sulfide (TBP
S) was prepared by dissolving elemental sulfur in pure TBP. A 0.2 M solution of TBRvas
prepared by dilution of the 1 M stock solution with anhydrous DBE. 1 ml of the 0.2 M THS#DBE
solution (0.2 mmol) was then loaded into a syringe and transferred out of the glove box where it
was immediately injected into the leadnaphthoate solution held at 70 °C. The reaction mixture
gradually turns from brown to black over thecourse of approximately 10 minutes at which time the
reaction is gquenched by removal of the heatinghantle and injection of 10 ml of anhydrous DBE.

The resulting naphthoate-terminated PbS NCs can be precipitated with methanol or
ethylacetate and isolated with centrifugation. Toluene or chlorobenze were used to redisperse the

NC precipitate and the resulting solution was stable for weeks.

2.4 Synthesis of Ammonium -ter minated Zinc Oxide Nanopatrticles

In Section 6.3we show that zinc oxide (ZnO) NCscan be selectively depositedon
lithographically defined electrodesusing EPDto create structures useful for photovoltaic device
applications. The ZnO NCwsere synthesizedusing a technique adapted from Schwartz et &18 119,
In a 250 ml Erlenmeyer flask 1.667 g of zinc acetate [Zn(Ag) was added to 90 ml of
dimethylsulfoxide (DMS) at room tenperature with constant stirring to yield 0.101 M solution. A
rubber stopper with an 8 mm diameter hole in the centeiwas placed in the flasknouth. Through
the 8 mm hole the drain of a 100 ml separation flask was inserted. A nitrogen blanket was applied
through two needles (supply and exhaust) inserted through the same stopper.

Separately, a 0.552 M solution of ammoniurhydroxide (NH:OH) in ethanol (30 ml) was
also prepared under nitrogen. The ammonium chloride solution was transferretb the 100 mi

separation funnel(positioned over the Zn(Ac}) solution) and purged with nitrogen.
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Under continuous stirring, the NHOH solution was added dropwise to the Zn(Ac) solution
over a period of ten minutes, yielding a slightly cloudy white solution. e solution was stirred for

an additional 40 minutes before being transferred to a glass vial for storage.

2.5 Characterization of Inorganic NCs

UV and visible absorption spectra of CdSe N@gre measured using a Agilent model 8453
UV-visible spectrometer. The PL spectra of CdSe NCs were recorded by excitation of solutions and
films with a CW argonion laser (Melles Griot 406A06) operated at 488 nm and detection by a
Princeton Instruments Spectra Pro® 2300ispectrometer equipped with a model 75090001 liquid
nitrogen cooled silicon CCD. Infrared absorption and PL by PbS NCs required use Bfiaceton
Instruments Spectra Pro® 2300ispectrometer equipped with a model 7498 liquid nitrogen cooled
InGaAs photodiode array. For absorption measurement®bSNC samples were illuminated by a
Thor Labs model HPLS0 white-light LED. Transmission electron microscopy (TEM) was carried

out on a JEOL JEM 100CX operated at 100 kV.

2.6 Preparation and Treatment of Electrophoretically Deposited NC
Films

In Chapter 3 amd Chapter 4 of this thesis we will discuss the properties of films generated by
the EPD of CdSe NCs using techniques described below. While the treatment of EPD filmskepss
constant, several different techniques were used to synthesize the CdSe NCg tteamprise the EPD
films themselves. For clarity, we will define herdghree separate techniques, described in Section

2.1, used to synthesize the various CdSe N&samined in Chapter 3 and Chapter 4:
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1 Batch I: Cadmium oxide synthetic route using a 1:tixture (by weight) of TOPO (90%) and
HDA (90%) as coordinating solvent. Oleic acid (from the cadmium oleate precursor) and
TOPO impurities are expected to act as active ligand specidhese NCs werdound to have

an average diameter of & nm using U\tvis spectroscopy and confirmed with TEM analysis.

1 Batch Il Dimethylcadmium synthetic route using 1:1 (by weight) TOPO (99%) and HDA
(90%) as coordinating solvent and0.1 wt. % tetradecylphosphonic acid (TDPA) aghe
active ligand speciesThese NCs werdound to have an average diameter of 3.2 nmsing

UV-vis spectroscopy ancconfirmed with TEM analysis.

1 Batch Il : Dimethylcadmium synthetic route using TOPO (99%) as coordinating solvent and
tetradecylphosphonic acid (TDPA) aghe active ligand species. These NCs werdound to
have an average diameter oft.0 nm using U\tvis spectroscopy and confirmed with TEM
analysis.

The EPD CdSe NC films studied in Chapter 3 and Chapter 4 were primarily produced using
NCs from Batch Il described aboveDuplicate experiments and other miscellaneous studiessfich

astreatment of dried EPD films with TOPO solutiongSection 3.5)] utilized CdSe NCiom Batch |

and Batch Il described above.

2.7 EPD Electrode Fabrication

2.7.1 Unpatterned Electrode Fabrication

06 DPEAAAO 1T &£ 3E Fpnne xAZEZAOO AO OEA OOAOOOAOAS
acetone, followed by IPA, and finally blown dry with nitrogen. 5 nm of chrome, followed by 50 nm

of gold were then deposited on the pothed side of the cleaned substrates using thermal

evaporation.
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2.7.2 Patterned Electrode Fabrication

The patterned electrodes for EPD of NCdiscussed in Sectios 6.2 and 6.3were fabricated
from Si <100> wafers with a 500 nm thick thermal oxide layer (Sip The substrates were cleaned
via sonication in acetone, followed by IPA, and finally blown dry with nitrogenUsing a spiRrcoater
low molecular weight polymethylmethacrylate (PMMA My ~ 5k) was applied from a solution of
anisole to the clean oxide sugce. The substrate was then baked at 130 °C for 20 minutes prior to
spin-casting an additional layer of PMMA (M~ 96k), followed by baking at 150 °C for 30 minutes.
Electron-beam lithography (30 kV accelerating voltage) was used to expose selected regiaf the
PMMA film. After electrorbeam writing the substrate was immersed in a developing solution of
methyl isobutyl ketone to remove the regions of PMMA exposed to the electron beam. The
patterned PMMA film (and substrate) was dried, and then loadeihto a thermal evaporator where
5 nm of chrome, followed by 50 nm of gold were then deposited. Finally, the gatdated substrate
was immersed in a heated (70 °C) bath of acetone to remove the PMMA and ely@mg metal,

leaving behind the patterned gold o top of the thermal oxide layer.

2.7.3 Electrophoretic Deposition

EPD, used to produce the CdSe NC films studied in Chapter 3 andias carried out under
ambient conditions using ACS grade solvents -d@isceived without further purification. 2 ml of stock
1X @Se NC solution containing ~ 10 mg/ml NC was combined with 3 ml of clean hexane and then
precipitated/dissolved in methanol/hexane three additional times in order to create a solution of
NCs that had been reprecipitated a total of four times (4X)The multiple washing steps are known
to reduce the number of ligands bound to the NC core surfaead facilitate the EPD proces%: 48
The 5X solution (5 ml) was combined with 40 ml of clean hexane in a 60 ml beaker open to air. Two

pre-scored silicon electrodes (~7.6 cm x ~2.5 cm) coated with 50 nm Au and 10 n@r were
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immersed in the deposition solution and held 2 cm apart (Au surfaces facing). A DC bias of 800 V

was applied to the two electrodes for 10 minutes resulting in NC films on both electrodes.

2.7.4 TOPO Treatment of CdSe NC EPD Films

The EPD CdSe NC films studied in Chapter 3 were prepared according to the following
procedure: Immediately after deposition, both positive and negative electrodes were quickly moved
from the deposition solution to separate 30 mL baths of clean hexane. Wéhiully submerged in
hexane both electrodes were cleaved along preexisting score lines. Individual pieces of each
electrode (~1 cm x ~1 cm) were rapidly moved from the clean hexane bath to new baths containing
various concentrations of TOPO in hexane. &asample remained in its respective bath (covered to
prevent evaporation) for 30 minutes. Each sample was then removed from its respective bath and

allowed to air dry.

2.7.5 Monomer Treatment and Polymerization of EPD CdSe NC Films

In Chapter 4 we investiga¢ the properties of EPD CdSe NC films that were treated with
various monomers and subsequently polymerized. To accomplish this, the-dsposited (wet) EPD
NC filmsfrom one or both electrodes were quickly moved to baths aflean hexane. In most runs,
the electrode was split along predefined score lines. One portion of the electrode was removed
from this bath and allowed to dry in air under ambient conditions, and called the untreated film.
The other portions were moved to separate baths of the given momer (MMA, styrene, DVB,
BDMA, HDMA, or DDMA) with 3 wt. % Irgacur@19 UV-initiator already dissolved in the monomer
(monomer and initiator solutions were filtered using a 0.2t m PTFE filter prior to EPD film
addition) . These films were allowed to soak itheir monomer bath for 12 h, and after removal were

spun for 6000 RPM for 1 min to remove excess monomer. Each film was subjected to UV radiation
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from a high-pressure mercury lamp for 10 min under anitrogen atmosphere.  Polymerized

samples were placedn the dark under vacuum for 24 h to remove any unpolymerized monomer.

2.7.6 Charaterization of EPD Films
The thickness of EPD CdSe NC films studied in Chapter 3 and Chapter 4 wezasured with
a Dektak mechanical profilometer. The elastic moduli and phase angles of films were measured
using an Agilent G200 nanoindenter equipped with a standard diamond Berkovich tip oscillated at
40 Hz and driven to a depth of 1000 nm, with a timdvancement of 0.2 nm per cycle (8 nm/s).
Elastic moduli were averaged from 20250 nm into the films and were determined assuming a film
0 EOOIT OAOET v E mn8pyh AOO OEA 1T AOGAETAA 11T AOBIE
analysis. The PL sgctra of EPD CdSe NC films was recorded by excitation of films with CW argon
ion laser (Melles Griot 400A06) operated at 514 nm and detection by a Princeton Instruments
Spectra Pro® 2300ispectrometer equipped with a model 75090001 liquid nitrogen cooled silicon

CCD.

2.7.7 Preparation of P3HT Nanowire films

The P3HT nanowire films discussed in Chapter 5 were produced using the following
procedure: asolution of highly monodisperse polystyrene (used as received from Polymer Standard
Services) and poly(3)hexylthiophene (used as received from Luminescent Technologies) was
dissolved in dichlorobenzene (DCB) under an inert atmosphere conditions (in a nitrogen filled
glove box). The P3HT content was held constant at 15 mg/mL while the PS:P3HT ratio was varied
from 1 to 4. Unless otherwise stated, the molecular weight (MW) of PS was 10.4 kg/mol. After
stirring for ~8 h at room temperature, the solution was spirrcast (1000 rpm for 60 s) on poly(3,4

ethylene dioxythiophene):poly(styrene sulphonate) [PEDOT:PSS] coatsubstrates. Silicon wafers
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with native oxide were used as substrates for morphology studies. Glass substrates with patterned
indium tin oxide (ITO, 5p v -cm1) films were used for device measwments.

Immediately after spin-casting, films were subjeted to solvent annealing with a DCBich
atmosphere at room temperature for 1 h. The films were then baked at 135 °C for 30 min. After
baking, films were submerged in a 1:2 solution of tetrahydfuran:ethanol (THF/EtOH) for 30 min
to remove the PS phase. Films were rinsed in pure ethanol prior to drying at room temperature.
Finally films were baked at 70 °C for 30 min to remove any remaining solvents. For device

fabrication these films were backfilled withan electron accepting material.

2.7.8 Preparation and Measurement of P3HT Nanowire Photovoltaic Devices

P3HT nanowire films were utilized in photovoltaic (PV) devices and the performance of
these devices examined in Section 5.3. These devices whalaricated by spin-coating an acceptor
material onto P3HT nanowire films located on patterned ITO substrates. The acceptor phase
solution was made by dissolving 15 mg/mL of either PCBNused as received from Luminescent
Technologies) or pyridine -capped CdSe NC% (~3.5 nm diameter, 10 mg/ml) in an orthogonal
solvent consisting of 1:2 DCB:dibenzylether (DBE). These solutions were spun onto either planar
P3HT ilms or P3HT nanowire mats at 800 rpm for 60 s and subsequently baked at 76 for 30 min.
PV device performance was characterized under an AM 1.5 solar spectrum generated Neavport
Instruments 91160 light source (300 W Xe Arc lamp). The current-voltage (-V) response was
recored on a Keithley 2400 sourcemeter.

The patterned ITO substrates with P3HT nanowire/acceptor (PCBM or CdSe NC) films were
then loaded into a thermal evaporator for deposition of the cathode. The deposition chamber was
evacuatedto a pressure of < 2 x 108 Torr and a 0.5 nm thick layer of lithium fluoride was deposited

over the entire free surface of each substrate. After breaking vacuum the samples were briefly
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removed from the deposition chamber and a mask was position over e substrate. The

substrates were again loaded into the deposition chamber and the chamber was evacuated to a

pressure of < 2 x 1@ Torr. Finally, a 50 nm layer of patterned aluminum was applied to each

substrate yielding six separate devices per subsite, each with an active area of 4 mm x 4 mm.

2.7.9 Morphology Charaterization of EPD P3HT Nanowire Films

The morphology of the P3HT nanowire films studied in Chapter @as characterized using a
Hitachi 4700 scanning electron microscope (SEM) operated at 10 kVFor improved imaging
resolution SEM samples were on samples coated with 1.8 nm &d. Surface contact
i AAOGOOAIT AT OO AT 1 AOAOGAA OOGETC ¢ t, AOiIPO 1T &
effective surface area factor [cm2 of wetted P3HT per areain2]. AFM measurements were made
using a ThermoMicroscopes model AP100 stage and a Si cantilever tip operated in tapping mode
at approximately 15 kHz. Wide angle xray scattering (WAXS) measurements were performed at

the Stanford Linear Accelerator Cemtr (beam line 11-3) to investigate molecular packing within the

AAET I

P3HT nanowires as well as the PS matrix. WAXS data were collected for films of pure P3HT, blended

films of PS and P3HT, and P3HT nanowire mats, with an incident angle of 0.10° and a detector

distance of 400 mm.
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3.1 Introduction

Electrophoretic deposition (EPD) of cadmiumselenide (CdSe) nanocrystals (NCs) offers the
ability to create dense, thick, and spatial selective NC coatings on conductive substrafés??2 These
films exhibit the unique properties of the constituent NCs, which may impart useful optical, electrical,
or mechanical properties to the treated surfacés 123 These attributes could be utilized in
applications such as photovoltaics (PVs), emissive displays, or mechanical surface treatmepts.
Posing the greatest obstacle to use of EPD NC films in sagplications is the tendency of EPD NC
films to fracture following deposition and subsequent removal from the deposition solvent. In this
chapter we will examine a new process developed as part of this thesis whereby fracture of EPD CdSe
NC films is suppessed by treatment of the agleposited film with trioctylphosphine oxide (TOPO), an
organic surfactant molecule utilized as both ligand andstabilizing agent (igure 3.1). The as
deposited, wet, EPD NC filmsvere soaked in TOPO solutions of hexane, and then allowed to dry.
During TOPO treatment theTOPOmolecules bind to vacant sites at the surface of NC core3he
added TOPO may also reduc@oid volumedin the wet film (regionsfilled with deposition solvent) by
displacing the deposition solvent. This treatment is found toeduce the strain(and stress)in the dry

CdSe NC EPD filto a level at which fracture does not occur.

7

i

Figure 3.1: Molecular structure of trioctylphosphine oxide  (TOPO).
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The extent of strain that develops in a dried EPD NC film is strongly influenced by the fraction
of film volume occupied by deposition solvent (hexane) in the adeposited film. Solvent remains in
the in situ EPD film, mixing with the ligands that cap theores and within interstitial spaces between
the NCs. In the severadtep washing procedure needed to prepare the NCs to form the EPD fithsa
fraction of the capping ligandsis removed47.125, However, this washing procedure may increase the
amount of this residual solvent, which will increase tensile strain in the dried film and the likelihood
of fracture. Previous studies of fracture of EPD NC films have determined iheplane tensile strain
due to drying and observed the resulting fracture in real timgz2s.127

In order to understand the mechanism of fracture suppression in EPD NC films it is necessary
to understand the driving force for fracture: a decrease in equilibrium NC spacing that occurs upon
drying of the asdeposited film. A balance between attractiventer-NC van der Waals forces and
repulsive forces from ligandligand steric interference determine the equilibrium NC separation in
the asdeposited (i.e.wet) film. As the film dries and residual deposition solvent that remains
between the TOP@appedNC cores evaporateghe asdepositedequilibrium NC spacings disturbed.
NCs at the electrode surface are bound to the electrode and cannot reorganize to accommodate the
change in van der Waals andteric forces. NCs away from the surface thereforex@erience anin-
plane tensile strain as the equilibrium core spacing is reduced and NCs (bound) at the electrode
surface act to resist an ifplane change of NC spacingWhen the strain resulting from decreased NC
spacing is largethe in-plane tensile stress applied to the film by the substrate is sufficient to cause
channeltype fracture throughout the NC film (as seen irFigure3.5 and later in Chapte 4). 45,126,127
Such fracture due to solvent evaporation also occurs in dry cast NC films.

In this chapter we will explore several ph@omenon that influence the equilibrium NC spacing,

and attempt to understand how treating EPD NC films with a TOPO solution leads to changes in this
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equilibrium spacing. First we will examine the size (length) of the TOPO ligand when@E A Ox AO6 | E
in the deposition solven) and when dry. By considering the ligand density at the NC core surface we

arrive at an estimate of the NC ligand shell thickness before and after film drying. We will then

address the possibility that the ligand shell of adjacenNCs intermix. By taking into account ligand

shell thickness and interdigitation we can estimate the equilibrium NC core spacing, and from that

knowledge estimate film strain.

3.2 Consideration of EPD Film Formation and Effects of Drying
During EPD, NCs arexpected to form a dense but random threelimensional structure. The
OAOiI OAAT 6Ae6 AAT 1T OAO OEAOG OEA .# Al OAh AlT1cC xEOE
its nearestneighbor NCs. Depending on the nature of the ligand shell, its thickss and the extent to
which adjacent ligand shells interpenetrate, the average separation between adjacent NC cores will
differ. In our analysis we will assume the NC core diameter is fixed (i.e. a perfectly monodisperse NC

core distribution), and that the ligand shelk of all NCs arequivalent.

3.2.1 Consideration of Ligand Conformation Before and After Drying of EPD NC Films

When considering interNC spacing in a dense EPD film it is necessary to consider density of
ligands bound to the average CdSe NQrface and the effective geometry of these bound ligands. Due
to steric interference of adjacent TOPO molecules located on the same NC core, only a fraction of
available binding sites on the NC core surface can be occupied. The fraction of occupiediNding
sites will be reduced for CdSe NCs that have undergone the rigorous washing process required to
accomplish EPD (see Chapter 23.46

The conformation of bound ligands will be a function of the environment to which the NC

(film) is subjected. In a good solvent the ligand (TOPO) is expected to have an effective persistence
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length that reflects a sterically hindered randomwalk of the three alkyl chains. However, when a
TOPQcapped NC is placed in a poor solvent (such as air), the TOPO molecules are expected to take on
a compact conformation that minimizes the surface area of the higtnergy TOPQpoor)solvent
interface in favor of the van der Waals interactions possible through interand intra-alkyl chain
contact. Figure3.2 depicts two possible conformations for ligands in the dry state corresponding to
high and low ligand binding densities at the NC core surfacé&he thickness of the dry ligand shell is
expected to be larger at high ligand densities as a result of increased lghvolume as well as steric

interference of adjacent ligands leading to a more rotlke ligand conformation.

High Ligand Density Low Ligand Density

Idry =. Iwe(

Idry = Iwe(

Figure 3.2: Depiction of increased dry ligand shell thickness resulting from high ligand density

Utilizing previously determined values for the size of the TOPO molecule, we can set
reasonable bounds on the physical characteristics of a TOPO ligand shell under different conditions
(i.e. wet and dry). Asdepicted in Figure 3.4, we modelthe bound TOPO ligands on CdSe NCs in a good
solvent (such as hexane) as in as truncated cones with 0.252 nm radius (0.22@nea, A) apex bases
(or footprints) on the core, heights (ligand shell thicknesslyet) of 0.99 nm (~ 1 nm), and base (swept
out) radii on the shell of 0.55 nmeo 128,129 As g result of this assumed geometry and the steric

hindrance between adjacent TOPO molecules that results, only a portion of available binding sites at
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the CdSe NC surface can be occupied. Careful optical measurements have shown that, for CdSe NCs
that are fully passivatedby TOPO molecules, that approximately 30% of available binding sites are
occupiedt2s 130,131 These results are consistent with the observation that ligand coverage increases for
smaller cores with higher curvature and correspondingly reduced ligandigand steric interference.

With the above values in mind it is possible to estimate the total vofoe of ligand material

that constitutes the ligand shell of a NC with radiususing Equation 3.1.

"YE OUWQQUEED 6 ©Q T — T G Equation 3.1

More importantly, by assuming this ligand volume is a conserved quantity, it is possible using
Equation 3.2 to estimate the thickness of the dry ligand shell, assuming the contracted ligands form a

fully dense (0.831 g/cm3) shell surrounding the core when dried.

a — i i Equation 3.2

As seen inFigure 3.3b, the driedligand shell (ary) of a fully passivated (30 % TOPO coverage)
CdSe NC is approximately 60% of the original ligand shell thickness when in a good solvéps), As
the ligand coverage is decreased to 20% and 10%, the final thickness of the dry ligand shell (for a 4
nm NC) is reduced to approximately 43% and 24% of the original wet ligand shell thickness
respectively. Another trend apparent inFigure 3.3a is that as the NC diameter is reduced, and the

curvature of the NC core increases, the magnitude of ligand contractioi - lary) increases.
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Figure 3.3: Estimated dry ligand shell thickness for TOPO -capped CdSe NCs.

For the washed NCs with fewer than the maximum number of ligands on the core, the ligand
shell thickness is still ~1.0 nm in solution; however, the number of bound TOPO ligands will be
reduced. Mulvaney et al. have shown that PL intensity from CdSe NCs is proportional to ligand
coverage, providing a tool by which the ligand density on the CdSe NC core may be estimé&@dis
will be discussed below, PL measurements suggest that the-dsposited CdSe NCs have only 5%
of the maximum (30%) ligand coverage. Aseen inFigure 3.3b, the finalthickness of the dry ligand
shell is reduced when the initial ligand coverage is below saturation.

Before proceeding it is important to note that the above estimates ofyy, are low-end
estimates. In reality the contraction of ligands in the dry state will be limited by steric effects
resulting in a less than fullydense dry ligand shell. Furthermore, the estimated molecular volume in
this model (~0.52 nm3) is smaller than theestimated molecular volume of TOPO (~0.7-D.80 nns,

using a bulk density of ~0.80.9 g/cm3 is typical of organic molecules). It is also important to note

w2 o~ oA

OEAO OAAAT O x1 OE ET AEAAOAO OEAMA DBDAHEIOA GHIUA 3A0 Q& A A

phosphonic acids3! 132 put the analysis here of TOPO ligands remains insightful and is applicable to

the understanding of different organic ligand types.
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3.2.2 Consideration of Interdigitation between Adjacent Ligand Shells

The above calculation othe dry ligand shell thickness assumes that each ligand shell dries
independently, reaching full density in the dry state, and does not interpenetrate adjacent ligand
shells. Under these conditions the cores of two NCs may approach to withite2 A second
possibility is that the ligand shells of adjacent NCs are not interpenetrating in the wet state, but
become interdigitated upon drying. A third possibility is that there is some degree of ligand shell
interdigitation in both the wet and dry state (but not necessarily the same degree of interdigitation).
The amount of intermixing of adjacent ligand shell will ve important consequences for NC core

separation (a)and the strain that develops in dried EPD N@ims. Figure3.4 depicts the scenario in

which there is partial interdigitation of adjacent ligand shells.

Interdigitation

o e 5 Region of
, r ‘ | ‘

Figure 3.4: Interact ion geometry of ligand -capped NGs with partial ligand interdigitation.

To facilitate our analysis WA x ET 1 ET OOT A Ouhikh cépiides tiiz paiénthaifor A
partial ligand interdigitation, x EAOA | AAT -O0 foCZero mértiditationt and full
interdigitation of adjacent ligand shells respectively The separation between adjacent NC core

surfaces can then be expressed using Equation 3.4 and Equation 3.5:

@ ca p | C Equation 3.4

O § ca p C Equation 3.5
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Work in the field of grafted polymer brushes provides a means of estimating ligand shell
thickness as well as shell interpenetration. Flory and Huggi#.134 showed that the effective volume
and resulting persistence length ) of a flexible organic molecule can be approximated by the

expressionL ~ N",where is the N is the number of repeat units in the flexible organic molecule arsd

is the Flory-Huggins Parameterthat can range from 1/3 for a relatively dense selinteracting
globular conformation, to 1/2 for a non-interacting Gaussian chain (in goodavent). Alexander and
Manciu extended this work to grafted polymer brushes of various densities on rigid surfaces 136
and showed that the average thickness of a grafted polymer brush could be approximated using

Equation 36

>0 Q Equation 3.6

where Ois the average brush thicknesgequivalent to lwe: Or lary above), k reflects the preference of
the brush for polymer-D1T 1 Ul AO ET OAOAAOQEIT 008 OI Iedshyobgraidd OA OA A (
polymer brush. The value of can fall between 0.25 and 0.33 at moderate graft denigs for which
there are strong steric interactions between adjacent organic molecules. The lower value of the
range (0.25) corresponds to a relatively sparse graft density while g value of 0.33 reflects higher
graft density. It is important to notethe above equation is only applicable at graft densities below
which the range in which brush thickness is dominated by NFigure3.2illustrates ET x OEA OAIl OA
the ligand density at the NC core surface, may lead to an effective increase in the ligand shell
thicknessby imposing a rodlike ligand conformation in the dry state,
An important conclusion reached by Manciu is that as two grafted polymer brushes approach
one another across a symmetry plane, there can be both attractive and repulsive forces

corresponding to interdigitation or exclusion respectively. For goodand even moderately good)
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solvents there is a strong repulsive force when two brushes interact at length scalskorter than the
persistence length of the respective polymer chains. However, for very poor solvents (such as air) it
is found that there is a strong attractive force between interacting brushes at short distances,
corresponding to a high degree of interpenetration. This theory would therefore predict that during
EPD (good solvent) NCs can approach to only within ~l,2: but that after drying the separation
between NC coregaeq.dary) Mmay be as little as a single ligand shell thicknesk(), corresponding to full
interdigitation of adjacent ligand shells.

Following the above arguments we predict that there is relatively little ligand shell
interdigitation within the as -deposited EPD film, and that two NCs in good solvent may approach each
other until their cores are separated by R.: (~2 nm). However, for thoroughness, we will continue
to consider the possibility that there is ligand shelinterdigitation in the wet state (possibly due to
electrophoretic forces or due to sparse ligand coverage).

In accordance with the work of Mancié3s 136 we expect that the degree of interdigitation
ET AOAAOGAO ODPI 1T ADUE ITIEs aSs@vption ©fledksGhe fact thass the deposition
solvent evgorates intermixing of ligands becomes moresnergetically favorable as a result of the
relatively high surface energy associated with the new ligandolvent (air) interface and favorable

van der Waals bondingavailable betweenligands.

3.2.3 Analysis of Dry EPD Film Strain Based on NC Core Separation
Although we do not know the valueg wet Or | ary, We can consider several scenarios fqkwe: and
lary that are physically meaningful and span the maximum, minimum, and intermediate states of

strain that are passiblein the dried EPD NC film. The scenarios we will examine are:
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(l) J wet = 0, 0<-{dry <1
(2) dwet=1ary,0 <Qay<1

(3) Lwet =1, 0<-{dry< 1

For afilm composed of NCs with coreadius r and equilibrium core separationagry.q in the

dry state, the in-plane strain of the adheringdry film, where & @ ch p T , will
be
Coa i . 8 .
- 1 I 3 Equation 3.7

As a result of TOPO treatment the number of occupied ligand binding sites is increased and
the volume of the ligand shell increases, leading to a corresponding increaseliy and adgy,eq We
assume the presence of deposition solvent in the wet film maiains luet at ~ 1.0 nm. awe is therefore

A EOT A Qohiy andiis/ot influenced by ligand density at the core surface.

3.2.4 Analysis of EPD NCFilm Thickness Based on In-plane Film Strain
yT Al AOOEAAT [ AOAOEATI O xEOE A 01T EOOI 1T OAOQOEI

of a homogenous materiatan be expressed using Equation 3.8vhereRis the in-plane strain.

- —_—- Equation 3.8

If NC solids wereclassical in this sense, then TOPO infusion wouklightly increase the
thickness of the dried EPD filnby reducing the inplane film strain (Equation 3.8 does not account for

possible changes t@t that may occur with TOPO treatment).However, EPD NC filrm are not expected
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to behave like classical homogesous materials?’ AT A & | ECEO AA OAOU Of Al l
result of the ligand phase and void volume between NC cores.

The measured thickness of a TORteated EPD NC film will reflect the contribution of partial
in-plane relaxation (Equation 3.8), as well ashanges to the thickness of the NC ligand shell The
difference in film thickness (between films treated with different amounts of TOPO) came quantified
by applying Equation 37 and using the expressionQ "Q-, where hy designates the thicknesof
the fully relaxed (30 mM TOPG@reated) film. The total difference between measured EPD NC film
thickness resulting from differences in ligand shell thickness and #plane relaxation is described by

Equation 3.9.
3'Q - QU — - Q- p — Equation 3.9

3.3 Analysis of the Elastic Modulus of EPD NC Films
3.3.1 Measurement of Elastic Modulus of EPD NC Films
The elastic modulus of CdSe NC films deposited using EPD can be direttdasured using

nanoindentation.138.139  Using Equation 310, where A is the contact area of the nanoindenter tip
(standard Berkovich), E is the reduced modulus of the material— —— —— and where

subscripts i and s correspond to indenter and sample respectivelythe elastic modulus of a 2D film

can be calculated from the slope of the unloading segment of the fordesplacement curvel4o

Advanced analytical and empirical techniquefiave beendevelopedto account for the instantaneous
contact area @) of the indenter tip as a function of indentation deptH4o

F ML; > Equation 3.10

}

/
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It is evident from Equation 3.10andthe definition of reduced modulus (E) that it is necessary

toassume avalueofPost 1 6 © OAOET juqQ &£ O OEA £EIT A0 xAll AO
AE1 160 Al AOOGEA 11 AGi darOté ignored lieeéaiis® @& elaktic imadulis of the
diamond indenter tip is much larger than that of the film. For classical materals Poissod © OAOET A/

range from 0-0.5. The value oPoissord O OA OE 1-den&t 0lid Apicaif) falls between 0.2 and

0.4 while the Poissod O OAOQOET 1T £ A DBl 01 00 | AOA®EWthis workive OAT CA
assume an intermediate value of 0.18 foPoissord O OAOET /&l @As willlbé showd BelowEE | | 08
the assumed value dr Poissod O OAOEIT 1T &£ OEA ®%0s$ .# AEEI I Al AO

estimates of film modulus.

3.3.2 Modeling the Elastic Modulus of EPD NC Films

We will use meanfield micromechanics models of multiphase materials to analyze the elastic
modulus E for dried EPD films after TOPO treatment, composed of dldi (the NC core filler, CdSek
matrix (TOPO ligand} and voids. In order to supply these models with the necessary inputs, we
must make certain assumptions about the density of NC cores in the dBPD NC film as well as the
volume fraction of voids. Here we assume gacking fraction, f, of 0.58 for random loose-packed

structures of hard spherest42.143 The micromechanicsmodels employed herealso use the results of a
recent study that showed how the elastic modulus of CdSe NC cores decreases with radiks s, B
21.5 GPa for the 2 nm radius cores heré)

To account for voidsin the EPD NC films we apply a model developed Bhristenseri4s,146 in
which the modulus of film E&im) is a function of the void volumefraction (cvwid) and modulus of the

solid medium (Em) according ta

0 0 p g Equation 3.11
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for small coid, Where] op '’ W v jTxXx UL and 1, is the medium Poisson ratio. For

0¢n, 00.5b isinsensitive ton,, and is ~1. For concentrated voidsg,, - 1,

O 0 —- Equation 3.12

After TOPO treatment and the possible local rearrangement of NCs, there are CdSe cores and
TOPO ligands, and perhaps air voids. In the limit of dominating ligand steric repulsion, the NCs (core
of radius r + ligand shell of thickness ) can be treated dsard spheres; for a free film the fractional
volumes of the cores, ligands, and voids would beggse= f[r/(r + 1)]3, Cropo= f{1-[r/(r + 1)]3}, and Cyoid
= (1-f), where fis the packing fraction of NCs .

If the van der Waals attraction between CdSe Nfores dominates steric interference between
ligand shells, adjacent ligand shells will intermix and the core separation will be less thath Figure
3.14). Ifl > (1/f13 z Dr, the ligands can fill all of the regions between the cores, with none of them in
contact. This correspondstdl mn8tm 11 A O ¢ 11 OAAEOO AT OAO AT A
ligand coverage of the core. In this regimecge= [r/(r + 1)]3 and cropo= 1-[r/(r + 1)]3] Forl=0.6, 0.5,
and 0.4 nm, edqse= 0.45, 0.51, and 0.58, andréro= 0.55, 0.49, and @2, with Goia = 0. Ifl < (1/f13Z
1)r, the ligands cannot fill all of the voids even if the cores touch. Then, for minimum void fractions:
Ccdase= f, Gopo= f{[(r + 1)/r] 3-1}, and Goia = 1- f[(r + )/r] 3. Forl = 0.3, 0.2, and 0.1 nm,c@se= 0.58
(always), croro= 0.30, 0.19, and 0.09, andda = 0.12, 0.23, and 0.33, assuming minimum void volume.

Alternatively, we can use a different model developed by Halpin andisai to predict the

modulus of a composite material47-149 According to the Halpin-Tsai model the bulk modulus of a

two-phase composite film Kj,,, ) will be:
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I+x @ K

film — Topom

K , Equation 3.13

where X, =4G,po / 3K opdl = 2(1- 27150 ) / (1 +Ape) for particulate composites],

ho=(m: /(M ¥x),andm = K.yso!/ Kiope, @and the shear modulusG;,,, :

1+x, A K

, Equation 3.14
1- Ay K

Gim = Gioro

where Xg =(7 -5 f5p0) /(8 20 go0), i =(Mg D)/ (M %), and My = Gyse! Grope-

9K ;.G

film 2 film
film —
3K

Equation 3.15
+G

film film

The modulus of the composite material, as predicted bialpin-Tsaimodel (Equation 3.15) can
be adapted to account for voids in the matrix phas€lfOPO)using Equations 3.11 and 3.12, which we

will then call the Halpin-TsairChristensenmodel.

3.4 Results

Unless otherwise noted, the results below were obtained for EPD NC films generated using
CdSe NCs generadl from Batch Ill described in Section 2.5Untreated EPD CdSe NC filnggown to a
thickness of ~ 2.25tm (> fracture thickness threshold}?? exhibited a dense network of channel
cracks across the film thicknes$igure 3.5a andFigure 3.6a). Figure 3.5¢-f and Figure 3.6¢-f show that

the TOPO treatment suppresses fracture in both positive and negatiedectrode films. When treated
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with solutions of 5 mM and 10 mM TOPO, EPD CdSe NC films form fine cracks. Films treated with

4/ 0/ Ai1TAAT OOAOEITO I1puv I- AT 110 AOAAES

Figure 3.5: EPD CdSe NC (Batch Ill)film (negative electrode) treated with (a) 0 mM TOPO, (b) 5 mM
TOPO, (c) 10 mM TOPO, (d) 15 mM TOPO, (e) 20 mM TOPO, and {f30 mM TOPO. The scale bar is 500
t m wide.

Figure 3.6: EPD CdSe NC (Batch 1) film (positive electrode) treated with (a) 0 mM TOPO, (b) 5 mM
TOPO, (c) 10 mM TOPO, (¢ 15 mM TOPO, (¢ 20 mM TOPO, and () 30 mM TOPO. The scale bar is 500
{ m wide.

Figure 3.7 shows anincrease in film thickness with TOPO concentration, of up to 38% (for 30

i- 470/ Q8 -1006 1T £ OGEA AEATCA ET £Z£EI T OEEAEIT AOO
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Figure 3.7: Thickness data for TOPO treatment of EPD CdSe NC(Batch Ill) films.

Figure 3.8 shows a typical nanoindentation trace for the negative electrode film using a
standard diamond Berkovich indenter tip; those of the positive electrode are comparable. As can be
seen, treatment of the wet EPD CdSe NC film results in softening of the drfém, without substantial

effect on the viscoplastic response of the film (i.e. elastic recovery).

0 mM

Load on Sample (mN)

fe——ral t f f f f |
0 200 400 600 800 1000 1200

Displacement into Surface (nm)

Figure 3.8: Load-displacement curves for TOPO treated EPD CdSe NC(Batch Ill) films .
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The elastic moduls E of untreated EPD CdSe NC films ranges from 7.5 GPa to 9.5 GPa, as

measured by nanoindentation; this is consistent with results from previous studi€8®. These dried

films show a dramatic decrease irE upon treatment of films with TOPO Figure 3.9a). Most ofthis

softening occurs for treatment with< 15 mM. With this decrease ik, there is a concomitant increase

in phase angle, and therefor@iscoelasticity (Figure 3.9b).
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Figure 3.9: Influence of TOPO treatment o n (a) elastic modulus and (b) phase-angle of EPD CdSe NC

(Batch 1) films .
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Figure 3.10: Influence of TOPO treatment on PL intensity of EPD CdSe NC(Batch IlI) films.

Figure 3.11 shows the nanoindentation trace of an EPD CdSe NC filBatch 1) that was
allowed to fully dry (and crack) prior to treatment with a 30 mM TOPO solution. Optical
micrographs reveal that thefilm remains cracked and is visually indistinguishable before and after

TOPO treatment.
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Figure 3.11: Investigation of TOPO treatment on modulus of dried EPD CdSe NC (Batch I) film.
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PL intensity from the film is alsoessentially unchanged Figure 3.12). Weconclude that TOPO
infusion into EPD CdSe NC films can occur in the wet-@sposited film, but not in a film that has

undergone drying and contraction.
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Figure 3.12: Comparison of PL intensity from TOPO -treated EPD CdSe NC (Batch [film after it was
allowed to dry and crack.

TOPO treatment ofNC films formed by EPD of particles synthesized using slightly different
procedures (Batch I, Section %) yielded similar trends as those observed aboveFigure 3.13 shows
the optical and mechanical characteristics of a TOP@ated EPD NC film deposited on the positive
electrode. The CdSe NCs in this film were approximately 3.2 nm in diameter and synthesized without
addition of phosphonic acid to the reaction mixtue (as described in Chapter 2) thanks to impurities
present in the 90 % pure TOPO used in that synthesis. The optical and mechanical measurements of
this film show the same trends as other TOR®eated EPD NC films: TOPO solution treatment
reduces or, athigh enough concentrations, suppresses film cracking, decreases film elastic modulus
and increase viscoelasticity, and increases film photoluminescence. General increases in thickness

with TOPO treatment concentration are seenFgure 3.13a); however, there is morescatter in the
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data in those runs, perhaps because of the differences in film preparation and/or the smaller sizes of
the NC cores used. he films grown on the positive and negative electrodes have roughly the same

thickness, and have similar properties that qualitatively change the same way with TOPO treatment.
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Figure 3.13: Effects of TOPO treatment on (a) thickness of EPD CdSe NC film, (b) PL intensity, (c)
elastic modulus, and (d) phase angle during CSM mode nanoindentation. All data from EPD CdSe NC
film deposited on positive electrode using NCs from Batch II.

Use of other ligands was briefly surveyed. Instead of treating the still wet TOR@apped CdSe
NC EPD film in TOPO solution, it was soaked in 30 mM hexadecylamine in hexane. The film quickly
lifted off of the substrate and broke into very small pieces, and precipitated instead of redissolving
fully into solution. In a separate experiment, the CdSe NCs were refluxed in hexadecylamine to

change from TOPO to hexadecylamine ligands, but these NCs ditifoam EPD films.
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3.5 Discussion
3.5.1 Overview of Film Properties

Treatment of EPD CdSe NC films was observed to have the following effects on all films
investigated: lessened propensity to fracture, increased PL, decreased elastic modulus, increased
viscoplasticity, and the general increase in thickness. These results indicate significant intake of TOPO
into the film when it is treated while it is still wet, after formation. The changes are saturated when
TOPO treatment concentrations are increased to ~X25 mM. There does not seem to be significant
TOPO intake into the film when it is treated after it has dried, likely because NC rearrangement after
drying narrows the inter-NC regions.

Most of these changes could be due to increased density of TOPO bound todbees and
unbound in the voids. Only the increase in PL, due to surface passivation, is definitive proof that at
least some of the infused TOPO increases ligand density bound to the cores. Moreover, since PL no
longer increases for treatments > 15 mM TQO®P, all available sites for capping ligands appear to be
filled by treatment with 15 mM TOPO. It would not be surprising if most of the infused TOPO is
bound to the cores.

There are clearly voids in the structure occupied by solvent while wet and air whedry. |If
not, there would not be large strains and fracture in the dried film and there would not be the
apparently facile diffusion of TOPO into the wet film. However, if NC positions were the same before
and after drying, with air voids merely replacirg the solvent volume, with TOPO treatment a fraction
of these voids merely being replaced by TOPO, TOPO treatment would then increBsecording to
micromechanics models (see below), rather than decrease it, as is observed, sieder TOPO exceeds
that of air. This suggests that there could be (very local) rearrangement of NCs in the film during

drying (particularly away from the substrate). This is considered below.
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It is assumed that composition and properties do not change with depth into the filmlt is
possible that there is a gradient in TOPO diffusion and deposition and in film properties with depth
into the film, and filling in the upper part of the film with TOPO could lessen diffusion to the film near
the substrate. Although, this might play role in a local rearrangement of NCs just mentioned, there

is no reason to believe this dominates observations here, and it is not considered further.

3.5.2 Modeling EPD NC Film StrainBased on Ligand Effects

The observed changes in thickness of TORf@ated EPD NC films suggest the films undergo a
change of inplane film strain upon TOPG@reatment (Equation 3.9). As previously discussedstrain
in EPD NC films arises from changes to the equilibrium NC spacifa), which in turn is a function of
ligand density, ligand conformation (i.e. ligand shell thickness),and the degree to which adjacent
ligand shells intermix.

In order to address the state of strain that canexist in a dried EPD NC film we will examine
the equilibrium NC core spacing predicted for ligand densities (at the NC core surface) ranging from
10230 % NC, andAOET OO0 AACOAAO T &£ 1 ECAT A OEAld<lBlOAOAECE
lday < Jwet. AS previously noted, in the wet state, full interdigitation and zero interdigitation will
correspond toawet = 1 Nm andawet = 2 Nm respectively In reality we do not expect ligand shells in the
wet state to fully interpenetrate, nor fully excludeadjacent ligand shells, but to reach an equilibrium
state of partial interdigitation.

We will assume that in the asdeposited statelwe: ~ 1.0 nm. Provided an estimate of ligand
shell interdigitation () wet), the NC core separation &we;) can be directly calculatedusing Equation 3.4.
In the dry state the value ofagy.eqCan becalculated using Equation 3.5, howeverunlike in the wet
state, we cannot a priori assume a value d&dy. Instead we must apply the conservation of volume

criteria to the partially intermixed ligand shell, and assume that each separate ligand shell is 50 % of



Chapter 3z Suppression of Fracture in EPD Films of CdSe NCs using Surfactant Molecules 92

full density in the dry, intermixed, region; contributing to a fully denseligand volume between

adjacent NC cores. This requirement for full ligand dertgi between NC cores in the dry state is

expressed byEquation 314.

w — i ap ™ i

ap @)

Equation 3.16

For a given level of ligand coverage (030 %) and the corresponding value o¥g J ay @and lary

must satisfy Equation 316 x E E ly&And pay must fall in the physically meaningful ranges of 81 and

0-1.0 nm respectively. By rearranging Equation 36 and using Equation 3.5 to substitutdor lqry, we

find a third-order polynomial that describes the relatiorOE ED A AyQandadyle, resulting in the

curves seen inFigure 3.14.
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Figure 3.14: NC separation vs.ligand interdigitation.
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0.6), theequilibrium NC core separation in the dry film @ary.eq) IS relatively insensitive to the degree

of interdigitation and that values ofaqy,eqare approximately equal to 24y (Figure 3.3.) As the degree

of ligand interdigitation in the dry film (J ay) increases above 60 % there is a perceptible drepff in

aary,eq The magnitude of change iagry.eqas a function off ary is less for smaller NCs and for NCs with
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low ligand coverage. Figure 3.14b also shows us that the maximum and minimum core separation in
the dry state corresponds to zero {4y = 0) and full ligand interdigitation (] ay = 1) respectively.

In the absence of interdigitation in the wet and dry films, the values of,a and airy,eq are 2wet

h

and 2ay respectively, and Equation 3 reduces to- a g Figure 3.15a shows the

magnitude of strain expected in the dry film folwetE  p 8 T Twd = OAWhéYelqy is calculated using
from Equation 316. With interdigitation in the wet state the value of @ is reduced and the
corresponding level of strain in the dry film isreduced. Figure 3.15b shows the influence of
interdigitation in the wet state where it is assumed that|wet € ay Figure 3.15c depictsthe extreme
AAOA E1w=E(tedatvevplues of strain corresponding to inplane compressionare possible

consideredunlikely).
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Figure 3.15: Strain in dried EPD film composed of 4 nm NCs where (a) there is no interdigitation of
ligand shells in the wet state, (b) the degree of interdigitation in the wet and dry state are identical,
and (c) there is complete int erdigitation of ligands in the wet state. The arrows indicate curves of
ET AOAARET &1 § AE=100.3,10.5, 0.7, 0.9, and 1.0 respectively.

It is appaent from Figure3.15a andFigure3.15b, thatwith or without ligand interdigitation in
the wet state, that film strain in the dry state isexpected to increase when ligand interdigitation in the

dry state increases. fom Figure3.15b we see that when interdigitation in the wet and dry states are
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identical ({wet € dan) that strain in the dried film is expected to be reduced when the degree of

interdigitation is increased.

3.5.3 Analysis of Film Strain Based on Thickness Measurements
In order to understand the affect TOPO treatment on EPD CdSe NC films we will compare

predicted values of dry EPD NC filnstrain based Figure3.150, Jwet E dan) With values of strain
calculatedfrom the thickness data shown inFigure3.7 and Equation 3.9 In order to correlate TOPO
treatment concentration with ligand coverage(as plotted in Figure3.15), we utilize the PL data shown
in Figure3.10 (positive electrode) and assume thathe PL intensity of the 30 mM TOP@reated film
correlates with full ligand coverage (30 %). The PL intensity of the untreated and TORf@ated films
is then assumed tobe directly proportional to ligand coverage, leading to a predictedNC ligand
coverage of8 %, 22 %, 29 %, and 30 % for EPD CdSe NC films treated with O fudtreated), 5 mM,
10 mM, and 15 mM TOPO solutions respectively.As can be seen ém Equation 3.9, the assumed
value of Poissord O OA OE | (ufk) vall inBuenke tWEENRgnitude of inplane strain inferred from
changes in film thickness. Figure3.16 is consistent with the results of previous work2? and suggests
that as themagnitude of tnim increases the magnitude of dry film strain also increases, particularly

when ligand coverage is low (based on consideration of PL measurements).
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Figure 3.16: Influence of Poisson's ratio on (inferred ) strain in dried TOPO-treated EPD NC (Batch I11)
films deposited on the positive (black circles) and negative (red diamonds) electrodes

It is apparent from Figure3.16 that a low assumed value o&fim agrees most closely with the
film strain inferred from thickness measurements. Figure3.17 compares the same data shown in
Figure3.15b with values of dry film strain calculated using Equation 3.9 andn assumed value Ofim
= 0.05. We see thatan assumedvalue of | 4y = O provides the best prediction of measured film strain
(as inferred from thickness data) at low levels of ligand coverage (i.e. low concentration TOPO
treatment). At high levels of ligand coverage (i.e. high concentration TOR@atment) an assumed
value of 4y =1 provides the best prediction of measured film strain (as inferred from thickness data).
These observations suggest that as ligand coverage increases, the degree of intermixing between

adjacent ligand shell increases.
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Figure 3.17: Comparison strain calculated for various levels of ligand interdigitation vs. strain

inferred from measured thickness data of EPD of CdSe NC (Batch Ill) films formed on the positive
(dashed black) and negative (solid black) electrodes.

3.5.4 Evaluating and Modeling EPD NC Film Modulus

For the discussion below we will assume #oissord O OAOEIl | £ m8p Phis&A&l O Al
assumption is supportdy the results presentedin Figure 3.18, where we show that ourAET E Al T £ w
ATAO 110 AEEAAO 1T 060 AAI AOI AGETT 1T &£ A1l AGOE®35, T ADI C

OOCCAOOET ¢ OEAO 1 O eufiddstitEdkaly méaingful conclusioBspregarding the
elastic modulus of the films investigated.
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Figure 3.18: Influence of assumed Poisson's Ratio on calculated elastic modulus of EPD CdSe N@Batch ).
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Using the Christensen modeland assuming arelastic modulus (En) of 21.5 GPa (that of the
CdSe core)for the dried EPD filmwe find that a void fraction of cwiq = 0.42 for loosepacked CdSe
cores, gives a film elastic modulus between 3.4 GPa and 4.5 GPa, as bounded by Equatidra8dl
Equation 3.12, which is lower than that measured. For packing fractions approaching close packing
= 0.74, Equation 3.1 is reasonably valid and gives an elastic constant ~10.3 GPa. This is more
consistent with observations, but tight packing is not expected given that the NCs are not ordered and
is not consistent with the large strains. Still, such films may be understood by artermediate degree
of core packing.

If the TOPO treatment merely replaced these air voids with TOPO in the still wet EPD films,
then E would be larger in the dried treated films than in the dried untreated films because of this and
because the fractionalvolume outside the voids would be expected to decrease. Since a decrease is
seen, either the TOPO treatment leads to some rearrangement of NCs and the volume fraction of NC
cores decreases or, less likely, the additional TOPO softens the existing TOP®@imédecreases the
elastic modulus).

ThetwoDEAOA j #A3A AT OA OA&EI | ATsa mddel&k midrdm@dhanicsA A E O C
model was used with Ecgse= 21.5 GPa for = 2 nm. ForNC core separation in the dry film &ary)
ranging from 1.2 nm (maximum ligand coverage) to B nm, Equm increases from 2.0 to 2.7 GPahen
Eroro= 0.8 GPathis range is consistent with the resultsof Figure 3.9b. Theseresults are not very
sensitive to CdSe core elastic modulus or the core and Poisson rati&milar estimates ofEsm can be
obtained assuming Eropo = 1.02 GPa 10% voidvolume when treated by using the Halpin-Tsak
Christensen threephase model(Equation 3.15. For a4y ranging from 06 nm to 02 nm and Eropo=
0.8 GPathe Halpin-TsaiChristensen model(with minimum voids) gives a film modulus (Eim) of

~2.4-2.5 GPaggain this range is consistent with the result®f Figure 3.9a. Results are also consistent
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with measurements when larger void fractions are assumed if larger values &ropoare used. It is
noted that the predictions of other micromechanics models (@hen-Ishail4é, Mori-Tanakats:, and

ChristensenLo!51) can vary by ~20%; such model variatios do not affect the main conclusions of
this study

The somewhat smaller elastic modulus of the untreated EPD film presenten Figure 3.13 is
explained in part by the smaller NC core radii (and their smaller elastic moduh4, Ecqse~17 GPa and
14 GPa for the 1.75 nm and 1.6 nm radii). Th&omewhat smaller measured values of the elastic
modulus after these films are treated with TOPO (~1.3 GPa) are modeled using their different core
sizes and a slightly smaller value dEropg ~0.6 GPa.

Previous nanoindentation analysis of EPD filmigé of CdSe NCs found the elastic modulus was
E=~8-10 GPa, which is consistent with what is measured herée was found to be much smaller, ~2
2.5 GPa, after crosfinking the NCs in the EPD film, followed by treatment to remove the TOPO
ligands, presumably because of much replacement of TOPO by voids, and possibly also larger voids
due to larger inter NC coe spacing.) In a related studys, the elastic modulus of TOPO in EPD CdSe
NC films was estimated to b@.45-4.41 GPa, by using Raman spectroscopy and fracture patteris.

For drop cast assemblies of NCs, the elastic modulus was found to be GPa for 2D array
membranes of Au NCs (capped by dodecanethigh and D0.2-6 GPa for a range of NC supercrystais,
~0.84 GPa and ~2.16 GPa for CdSe NC films and supercrystals. The effective elastic modulus of the
matrix (outside the cores) was estimated to be)0.1-0.7 GPa for a range of ligand matrices, with

D0.22 GPa for TOPO in CdSe NC films @71 GPa for TOPO in CdSe NC supercrystais.
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3.5.5 Consideration of Fracture in Strained EPD CdSe NC Films
According to classical fracture theoryAOAAEET ¢ T AAOOO ET OEA £EEI I
criterion 154 is met during any stage of drying. This criterion for channel cracks is the critical film

thickness

= GE @ A)
(1-n*)2 & (1 +)ZE ?

Equation 3.17

where A and rRare the in-plane film stress and strain (withA = RE/(1 -1)); E, &, and G are the
film elastic modulus, Poisson ratio and toughness; andis a parameter = 1.98 for channel cracks;
each of these parameters, excep, changes during drying.

TOPO treatment of the EPD NC films may prevent fracture, effectively increasimg because
of one or more of the fdlowing mechanisms:

(1) Decrease of strain due to added capping ligands: The added bound ligands decrease in
plane film strain in the dried film, and likely in-plane stress also. This appears to be important in
suppressing fracture. While it is difficut to assess the influence of TOPO treatment on ligand shell
thickness and potential void filling, the increased PL with TOPO treatment proves that some (if not
most or all) of the added TOPO binds to the NC cores.

(2) Decrease of strain due to added ligafs in interstitial regions: Interstitial regions of the
as-deposited film (occupied only by deposition solvent in the wet film without TOPO treatment)
could be filled with unbound TOPO (void filling), reducing film contraction. This may be important

(seeabove).
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(3) Decreased film elastic modulus: The film E is seen to decrease Aseould decrease even if
rRdid not (within and near the linear stressstrain regime). This may be important, but only if it is not
accompanied by a decrease in fracture strenigt

(4) Increased film toughness: The infusion and coordination of TOPO likely increases ligand
ET OAOAECEOAOQET T 8 AEEO xI1 Ol A ET AOAAOGA OAT AAO
which would help suppress fracture.

(5) Film overcoating: If the EPD film were overcoated or encapsulated by a film of TOPO, this
could reduce the density of nucleation sites in the EPD film and suppress fracture; however, there is
no evidence of this. (However, after treatment with the highest TOPO concentratisolutions, TOPO
crystals do appear on the surface.)

Other mechanisms might be significant as well. Film viscoelasticity increases with TOPO
treatment, but it is not clear if this is important in suppressing fracture. TOPO passivates surface
defect stes, which appears to increase the local fracture toughness above the critical fracture
threshold. In untreated films, cracks usually originate from small points that appear as black or dark
red spots in the film, which may be dense aggregates of poorlagsivated NCs. The density of these
sites decreases with TOPO treatment, indicating that such passivation does occur; however, they still

exist and fracture still occurs at the lowest TOPO concentrations.

3.6 Conclusions

When large strains and fracture arise after drying of EPD films formed from NCs with
incomplete ligand shells on the core, the mechanical state of the film can be substantially improved by
recapping the core with ligands before film drying. Specificallyit was seen here that treating EPD
CdSe NC films with TOPO solutions reduces or suppresses cracking, and concomitantly increases film

thickness a bit, reduces the elastic modulus of the film, and greatly increases film photoluminescence.

7 A
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While this treatment reduces film strain greatly, there still may be some small residual strain. Film
electrical conductivity might also be controllable by the choice of the coordinating ligand that is
infused; increasing charge conductivity would be important for severaapplications of EPD NC films,
such as for solar cells¢ and field-effect transistors. The work presented in Chapter 4 showthat
fracture can also be suppressed by infusing molecules that do not cap the NC cores into the EPD NC
film before it dries, specifically monomers that are later polymerizedts?

The work discussed in this chpter has been published:

T. J. Kramer, S. K. Kumar, MSteigerwald, and I. P. Herman).Phys. Chem.&)12, 117, 1537
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4.1 Introduction

Thick electrophoretically deposited (EPD) films of liganecapped colloidal nanocrystals
(NCs) are highly photoluminescent (PL) and deposit with high spatial selectivity onatterned
conductive substratest>47  Unfortunately the untreated EPD NC filmsthat deposit on both
electrodestypically crack when dried due to the evaporation of the deposition solvent, a decrease
in film volume, and the corresponding strain that develops aa result of film adhesion to the rigid
substrate. Previous work has shown that when an untreated EPD film of cadmium selenide (CdSe)
NCs is thicker than ~ 606800 nm, the dried film is likely to fracture45.126.127 making the resulting
film unsuitable for nanoscale functionalization of most devices. In Chapter 3 we showed how
fracture of thick EPD NC films could be avoided by infusing a solution of trioctylphosphine oxide
(TOPO) capping ligands into the EPD film lb@re solvent drying. The resulting films did not crack,
and showed enhanced PL efficiency, but had a greatly reduced elastic modulus and decreased
elasticity.157

In an effort to avoid EPD NC film fracture while preservinghe mechanical EPD film
properties, a technique discussed in this chapterhas been developed in which fracture of thick
(several um) EPD films of CdSe N@ssuppressed by treating the wet, asleposited EPD films with
various polymer precursor molecules (ie. monomers). The liguid monomer displaces the
deposition solvent and, upon polymerization, forms a nowvolatile matrix surrounding the NC cores.
Fracture is suppressed for one or both of two possible reasons: reduction of film strain (associated
with preservation of the equilibrium NC spacing in the asleposited state), or by an increase in film

toughness. Both mechanisms for fracture suppression of EPD NC films will be discussed in this
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chapter. The resulting EPD NC/polymer composite films show uwifm NC dispersion, exhibit
increased PL efficiency, enhanced elasticity, and, depending on the monomer (polymer), have an

elastic modulus equal to or greater than an equivalent untreated film.

4.2 Monomer Selection

To completely infiltrate the EPD NC filmand effectively displace the deposition solvent, the
selected monomers should have good miscibility with the NC ligand shell (TOPO). The monomer
should not evaporate prior to polymerization, and should be easily polymerized using free radical
UV-polymerization to avoid the complications associated with highemperature thermal free-
radical polymerization. The resulting polymer should be nofvolatile and have sufficiently high
molecular weight (MW) to impart mechanical strength to the resulting compositeitm. To target
these goals, the monomers methylmethacrylate (MMA), styrend-{gure4.1a), divinyloenzene (DVB,
(Figure 4.1b), butanedioldimethacrylate (BDMA), hexanedioldimethacrylate (HDMA), and
dodecanedioldimethacrylate (DDMA, Figure4.lc)) were used to treat the stillwet EPD films.
Methylmethacrylate and styrene are monofunctional monomers that polymerize to form long
chain-like polymer molecules. DVB, BDMA, HDMA, and DDMA are ditimtal monomers that form

three-dimensional crosslinked elastomeric networks.

N O
CH2
[ j HOJW(CHB
_CHz 12 &h,

(@) (b) (€)

Figure 4.1: Chemical structure of (a) styrene, (b) divinylbenzene, and (c) dodecanedioldimethacrylate.
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The monomers investigated in this chapter are not known to bind with the surface of CdSe
NCs and presumably diffuse into the voids between the NC cores under the influence of steep
concentration gradients. Depending on the size and composition of the maner molecule the EPD
CdSe NC film may swell to varying degrees, but in no cases was complete film dissolution observed.
For monomers that cause relatively little film swelling, the packing density of NCs remains high. In

several cases the film becomes muaahicker as a result of this treatment.

4.3 Background on Polymerization of Monomers

The physical and chemical attributes of each monomer will lend the final polymerized
product certain unique attributes. Each monomer molecule that participates in the polymerization
process contributes a single repeat unit to the polymer chain (or netwonk By virtue of one or
iTOA OEO1 AGEITT Al OTEOOGG A 1T11T1T1TAO 11T1AAOTIA EO
other monomer units, forming a polymeric chain (in the case of a monofunctional monomer), or a
polymeric network (in the case of a difunctimal monomer).

The use of freeradical U\-polymerization was selected for this work (as opposed to
thermal free-radical polymerization) for practical experimental reasons. Thermal freeadical
polymerization often utilizes a peroxide additive and temperatires exceeding 90 °C to generate the
free-radicals that drive the polymerization process (these polymerization additives are called
initiators).158 By contrast, UVinitiated polymerization utilizes UV-activated photoinitiators to
generate freeradicals and can accomplish polymerization at ambient temperates1%¢ Provided
the full volume of material to be polymerized can be effectively illuminated by UV light, UV
polymerization is a facile and robust method for generating polymer films.

As seenin Mechanism 4.1 when theinitiator molecule (I) absorbs a photon of sufficient

energy, one or more free radicals are generated (R If one of these free radicals encounters a

AA
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monomer molecule (M) with an easily cleaved double bond (typically a C=C bond) the initiator
breaks the double bond and creates an actit@d R-M* molecule in which the unbound electron now
resides on the monomer portion of the molecule. When the-R* molecule encounters an unreacted
monomer the freeradical again cleaves the double bond of the monomer molecule and attaches the
new monomer to the polymer chain, producing an #®M-M*. This process can continue until many (>
108) monomer units have been dded to a single polymer chain.
0 & O° qY
Y 00YO0°
YO* 0°0Y 0 0°

Y 0 0°0 Y O 0° Mechanism 4.1

The properties of a polymer resulting from freeradical polymerization are strongly
influenced by the concentration of thefree-radical initiator .15 An important consideration during
free-radical polymerization is the phenomenon of polymerization termination through reaction of
two free-radical species with one another to yield an unreactive specieslechanism 4.3. In some
cases two initiator radicals can react with one another (to form an unexcited initiatomolecule)

before either radical participates in a polymerization reaction.

Y 0 0 0° 0 YO 'Y D Y Mechanism 4.2

The concentration of freeradical initiator is therefore an important factor in the
polymerization process. By selecting a low initiator concentration the likelihood of freeadical
annihilation can be reduced, but also lowers the population of activelyrgwing polymer chains

(and increases monomer availability). A low initiator concentration therefore leads to polymers
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with high MW .188.160 Polymers with high MW often exhibit favorable properties such as improved

solvent stability and increased mechanical strength¢! The primary disadvantage to using a low

initiator concentration is a slow polymerization rate and reduced reaction efficiency attributed to

unreacted monomer that trapped in regions where there is no initiator. The presence of resiu

monomer is also known to degrade the mechanical properties of the resulting polymer if not
removed.

By contrast, a high initiator concentration can facilitate rapid polymerization and reduce the
probability of unreacted monomer in the final product; however, the large population of actively
growing polymer chains results in reduced monomer availability, and increased frequency of
polymerization-termination reactions, and produces a polymer with lower MW. The effect of
initiator concentration on MW of a polymer can be understood by examining the influence of
initiator on monomer concentration (Figure4.2). The polymerization rate of activelygrowing
chains will be directly proportional to the concentration of monomer. Aseen inFigure4.2 the
concentration of monomer decreases more rapidly tahigher initiator concentrations, leading to
reduced rate of polymer growth, and a lower MW polymer for a given polymerization reaction

time.162
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Figure 4.2: Monomer concentration vs. time for hypothetical polymerization reaction. 162
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Not all polymer molecules resulting from the same polymerization reaction will have the
same size, making it important to define the average MW of a polymeric material. Several
definitions for the average MW of a polymer exist, but the nuper-average molecular weight (M)
and weight-average molecular weight (My) are two of the most common. In this thesis we will use

My when discussing the molecular weight of a polymer.

Equation 4.1

The concept of M can be misleading when discussing crodinked polymer networks
because it is possible, with difunctional monomers, to create a network polymer with an effective
My that approaches infinity (i.e. the entire polymer is a single molecule). Polymers of this type are
called elastomersand exhibit elastic recoveryeven at high (>> 100 %) levels of straif¢3.164 This
property can extremely valuable in mechanical applications requiring dissipation of mechanical
energy without permanent deformation of the material (as in car tires, vibration dampeners, etc).
While some elastomers are generated reaction of a simginonomer precursor, it is also possible to
simultaneously polymerize a monofunctional monomer with a difunctional monomer, creating
covalent linkages between adjacent polymer chains thatould otherwise have only van e&r Waals
bonding. Figure4.3 depicts the crosslinking of polystyrene with DVB, a common polymer used in

ion-exchange resingss



Chapter 4z Polymer Stabilization of Electrophoretically Deposited CdSe NC Films 10¢

Figure 4.3: Crosslinking of polystyrene using divinylbenzene.

4.4 Behavior of Monomers and Polymers in a Composite Material

Several monomer and polymer characteristics will be important to the performance of the
final composite NC material. During the initial stage of monomer infusion, the solubility of the NC
phase in the monomer phase will influence the thickness of the final N@&lymer composite film.
Following polymerization, the mechanical properties of the film il be strongly correlated with the
mechanical properties of the polymer. In this chapter we will explore the effect of polymer
stabilization on EPD NC films by consideration ohe complex modulusof the visco-elastic polymer
phase(E’*, Equation 4.4165, and by application of aneanfield micromechanics model to analyze the

elastic modulus of the two-phase polymer composite.

4.4.1 NC Solubility in Monomers and Polymers
By assuming NCs in the adeposited EPD film correspond to a polymer of infinite M, we can

use the FloryHuggins parameter (¢ ) to describe the solubility of asdeposited NCs in the
monomer during treatment.133.160 \We can then use Equation 4.2to determine ¢ and from that

infer the degree to which the asdeposited film swells upon monomer treatment. It is apparent
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that a large value for the FloryHuggins parameter corresponds to favorablamixing between the

monomer and NC phase, leading to a low NC loading fractiam)(in the final polymerized film.

I 1— - Equation 4.2

The Flory-Huggins parameter (¢ ) can also be related to the difference in solubility

parameters of the two phases according tdequation 4.3 where 1m and Jnc are the solubility

parameters of the monomer phase and NC phases respectively.

c’ (gq- @ Equation 4.3

Equation 4.3shows that the FloryHuggins parameter (¢ ) will increase in magnitude as

the difference in solubility parameter for the monomer §m) and NCs {n¢) increases.

4.4.2 Mechanical Properties of EPD NC-polymer Composite Films

As previously mentioned, the mechanical properties (strength and rigidity) of a polymer
typically increase with Mn. As the size of the average polymer molecule increases, mechanical
failure of a polymer (i.e. tearing) becomes more difficult as a result of égneased van der Waals
bonding between polymer molecules as well as the entropic energy penalty associated with
elongation of individual polymer chainsi63 Figure 4.4 depicts a commonrelationship observed
between the strength of a polymer and the polymemolecular weight, where S is the strength of

the polymer with infinite MW, and A is a scaling factogé?
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Figure 4.4: Strength vs. MW for a hypothetical polymer. 167

The mechanical response of perfectly viscoelastic polymer (i.e. an elastomer) can be
described by aspring and dashpot in parallel (the KelviaVoigt Model)164 Alternatively, a spring
and dashpot in series can be used to model the response of a perfectly viscoplastic polyaiérin

both models the concept of complex elastic modulus (Eapplies:

g O 100 Equation 4.4

where %@ the storage modulus, and correspnds to elastic deformation of the material in
phase with the applied stress.% asche loss modulus, corresponds to deformation of the material
out of phase with the applied stress, and reflects a materials ability to dissipate energy during

loading. The relative magnitude of% Gudd % & described byEquation 4.5 wherey is the phase

angle. A large phasangle during cyclic loading of a polymer therefore corresponds to high

damping.

O

2\
—
|

Equation 4.5
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Crosslinked polymers are characterized by a relatively small phase angle, attributed to

reduced inter-chain sliding and a high degree of elastic recovery. The value Yofis known to

change inversely with crosslink density161 163, 164 while % adypically increases with crosslink
density 164 Alternatively, polymers without covalent crosslinks are known to have a relatively high
loss modulus associated irreversible chain movement and permanent plastic deformation.
Typically the higher the molecular weight of a polymer the greater the energetic barrier to polymer
chainreorgarE UAOET T h OAOGOI OET ¢ ET Al ET AQAAGAA OAIl OA
Typically the higher a polymei® M the greater the degree of interchain entanglement and
the greater the (instantaneous) stress required to accomplish a given level of strain in the material.
The density of crosslink points in an elastomer will also influence the elasticity of the mateal,
with higher cross-link density corresponding to higher modulus and greater elastic recovery.
Various models exist to predict the strength and elasticity of a composite material based on the
properties of the constituent matrix (polymer) and filler (NC) phases. Adiscussed in Section 3.3.2
we will use the Halpin-Tsai model to analyze the elastic modulus of polymestabilized EPD NC

films comprised of a NC and organic binder phase.

4.5 Results

As described in Chapter 2 all EPD CdSe NC films were defmuk simultaneously on pre
scored goldcoated Si substrates (positive and negative electrodes)at a bias of 800 V with
electrodes positioned 2 cm apart. Unless otherwise noted, all films were deposited using NCs from
Batch Ill. The average CdSe NC diameetwas 4.0 nm as determined by UWis absorption
spectroscopy and confirmed using transmission electron microscopy. For each monomer a non

polymerized sample (i.e. initiatorfree monomer treated and not exposed to UV light) was made in

A
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order to differentiate effects of the monomer treatment from effects of the subsequent
polymerization step. All nronomer-treated films were subjected to a vacuum drying step carried
out at < 103 atm for 6 hours to remove residual solvent and unpolymerized monomer.
Nanoindentation was used to study the mechanical properties of polymestabilized films. The
relative stiffness of each film (untreated, monomeitreated, and polymerized) can provide
gualitative information about the structure of the film. PL measurements were conducted to probe
the impact of the polymer phase on the passivation of NC surface. By measuring film thickness
using mechanical profilometry it was possible to estimate film swelling anthe relative solubility of

the NC phase in the monomer (and eventual polymer) phase. Microtoming was used to directly
image the distribution of NCs through the thickness of polymetreated EPD NC films.

Cracking was suppressed across the CdSe NC EPD ifiirall samples that had been treated
with DVB, BDMA, HDMA, and DDMA and then polymerized, as seen in the optical micrographs in
Figure 45. The resuling polymer-stabilized EPD films are stable and do not show evidence of
cracking even after four years of storage in air under ambient conditions. After soaking in MMA or
styrene, there was no fracture during the early stages of drying. However, onceetlexcess
monomer overcoating the film was removed by spinning, fracture resulted over all of the MMA
treated films and over much of the styrendreated films, prior to UV polymerization, likely because
of evaporation of these highly volatile monomers. Prdbmetry and nanoindentation measurements
were made in the mmdimension regions of styrenetreated films that did not crack. Films treated

with styrene/DVB mixtures did not crack over the entire film.
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Flgure 4.5: Optical micrographs of (a) 3.8 mme-thick untreated, control EPD film and EPD films
treated by (b) DVB, (c) BDMA, (d) HDMA, (e) DDMA, and then polymerization (negative electrode
film). Scale bars are 100 mm wide.

Films were also briefly examined after monomer infusion, but without polymerization.
Films treated with DVB and BDMA, but not polymerized, eventually fracture under vacuum, likely
due to monomer evaporation.HDMA and DDMA films do not crack without polymerizatio even in
vacuum for long times, likely because of very low monomer volatility which is also coupled to
good interactions between the monomers and NCs. Only the polymerized films are analyzed in
detail below.

All of the treated and polymerized films arethicker than the untreated EPD films, which
could be due to swelling or encapsulation by the polymeric material. DYBnd BDMAtreated films
are only somewhat thicker than theuntreated control, while the HDMAtreated and DDMAtreated

films are much thidker than the control (Figure4.6).
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Figure 4.6: EPD film thickness after monomer treatment and polymerization (negative electrode film).
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Figure 4.7 shows a TEM of the upper regions of the DDMieated film after
ultramicrotoming, which suggests the NCs are dispersed in this (thickest) film. This suggests that
NCs are homogeneously idpersed in each NC/polymer compositeilim, with no polymer overlay

that is devoid of NCs

Figure 4.7: TEM of EPD film after DDMA-treatment, polymerization, and ultramicrotoming
(negative electrode). Note that the sample chipped due to the ultramicrotoming.
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Figure 4.8: Force-displacement curves for monomer -treated and polymerized EPD films of CdSe NCs.
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The elastic moduli of monomertreated and polymerized films were estimated from force
displacement curves of the type seen ifrigure 4.8 (see Chapter3 for discussion ofthe elastic
modulus calculation)169.170  Of note is the high degree of elastic recovery present in the BDMA
HDMA-, and DDMAtreated films. It is apparent fromFigure 4.9a that the elastic moduil of DVB
and BDMAtreated films are roughly equal to that é the untreated films, while the elastic moduil of
HDMA- and DDMAtreated films are much smaller lead than that of the untreated films). Styrenge
BDMA-, HDMA, and DDMAtreated films have a larger phase angle (are more viscoelastic) than the
untreated films, while the DVBtreated films has a phase angle comparable to that of the untreated
film (Figure4.9b). The reduced phase angle of the DMBeated film is consistent with the previous
discussion of phase angle and demonstrates thimportance of crosslink density on the complex
modulus of a polymer. In each case, the elastic modulus and phase angle are nearly equal to that of
films of the pure polymer, indicating that the mechanical properties of the composite films are

dominated by the organic phase.
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Figure 4.9: (a) Elastic modulus and (b) phase angle of EPD films after monomer treatment and
polymerization along that for the untreated film for each sample (negative electrode). Data are also
shown for the pure polymer films as dashed lines.
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Films treated by varying fractions of DVB and styrene were thicker and softer (lower elastic
modulus) than the untreated films, and were thicker, with larger elastic modulus with more DVB,
for films formed on both electrodes Figure4.10, Figure4.11a). This last result is unsurprising,
given that DVB can crosslink the polymematrix and thus increase the modulugs4 Styrene, on the
other hand will polymerize as linear chains that are dominated by van der Waals type intehain

bonding and therefore exhibit a smaller elastic modulus and larger phase anglg ). The rapid

decrease in phase angle with increasing DV&ntent seen inFigure4.11b is consistent with DVB
crosslinking of the linear polystyrene chains and a corresponding decrease in the leasodulus of

the resulting polymer.168
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Figure 4.10: Thickness of the EPD film on the positive and negative electrodes after treatment
solutions of varying fractions of DVB and styrene monomers, followed by polymerization.
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Figure 4.11: (a) Elastic modulus and (b) phase modulus of the EPD film on the positive and negative
electrodes after treatment solutions of varying fractions of DVB and styrene monomers, followed by

polymerization.

Figure 4.12 shows that the film modulus of EPD films treated with styrene decreases when

the initiator concentration is increased for films formed on the positive and negative electrodes.

This result again reiterates the fact that moduli are related to the moleculawveight of the chains

created by polymerization: the more initiator, the lower the molecular weight, the less chain

entanglement, and the weaker the material?!
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Figure 4.12: (a) Elastic modulus and (b) phase angle of the EPD films on the positive and negative
electrodes after treatment by styrene monomer solution with different initiator concentrations,

followed by polymerization.
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All of the polymer-treated films have increased photoluminescence (PL) efficiency
compared to the untreated films (Figure4.13), with ~5x increases in PL in the DVBand
polystyrene-treated films and over 10x increases in PL the BDMAand HDMAtreated films, and
even more so in the DDMAreated films. Each shows a small red shift relative to the untreated

films.
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Figure 4.13: Photoluminescence of the EPD film after monomer treatment followed by
polymerization (negative electrode).

4.6 Discussion
4.6.1 Overview of Film Properties

We assume that when the EPD NC film is contacted with the monoman equilibrium state
is attained where the pure monomer is in equilibrium with a NC phase mixed with monomers.
Under this assumptionthe Flory-Huggins parameter (C ) of the NCs in the monomer is determined
according to Equation 4.2 where we assume that a NC corresponds to a polymer with infinite
molecular weight172 We further assuuime that%. p for the untreated EPD film and that the NC
loading fraction for monomer-treated films (%o ) is proportional to the treated film thickness (m)

according toEquation 4.9 wherehy is the untreated film thickness.
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%0  — Equation 4.9

The resulting ¢ parameters arereported in Table 4.1 The valuesof these parameters

suggest that only partial miscibility is the norm when monomers are contacted with the NC film.
This result arises from our underpinning assumption that there is an equilibrium between a pure
monomer phase and onecomposed of a mixture of NC and monomer. Under these conditions

¢ > 0.5, which is indeed what is found.The differences in ¢ cannot be rationalized on the basis
of regular solution theory, ¢” ( { - NQ)Z, since thesolubility parameter, d , is about the same

for each monomeri73.174 and that of the NCsg|., is fixed. Theresultsin Table 4.1show that the NCs

are barely miscible in DVB and are fairly miscible in the acrylateand are more misciblethe longer

the alkane chain in the acrylate. Using single monomers, film swelling is relatively small when
using DVB, and is even smaller with styrer®VB mixtures Figure4.10). Some other factorsuch as
specific interaction between the acrylate group and the NC surface, or the interactions of the alkane
spacers in the acrylate and the alkane part of the TOPOdigl, may play a role here, but these issues
cannot be resolved with the experiments that have been performed to date. We defer these issues

to future work.

Table 4.1: Flory-Huggins parameters ( C ) for the EPD films after monomer diffusion and polymerization.

Treatment Thickness (mm) Estimated EPD Film Loading c
(vol. %), f
None 3.8 1
DVB 8.8 0.43 0.72
BDMA 23.7 0.16 0.56
HDMA 62.7 0.06 0.52
DDMA 109.3 0.03 0.51




Chapter 4z Polymer Stabilization of Electrophoretically Deposited CdSe NC Films 12C

The inverse relationship of film elastic modulus and thickness occurs for several reasons:
The elastic moduli of the polymers are smaller than those of the NCs and they are smallest for the
polymers in which the NCs are most miscible sothese filmsare thicker and the NC loading factors
are lower. The phase angle increases with film thickness because of the larger viscoelasticity of the
polymers relative to the NCs, particularly for the monomers in which the NCs are most miscible.

A crosslinked polymer network, like that formed by DVB (a difunctional monomer) is
expected to be more rigid than a similar polymecomposedof individual chains (like that formed
by styrene). Control films prepared of pure polymer confirm this, with the elastic moduli of poly
DVB andpoly-acrylate films (Figure4.9a) larger than that of polystyrene (~4.2 GPa), and with those
of the corresponding EPD films being larger.

The crosslinking of polymers from one inter-NC interstitial region to the neighboing
region may be small when there is little film swelling, but is clearly important when there is much
swelling and the NCs are effectively dispersed in the polymes inFigure4.7.

In addition to suppressing fracture with relatively little film swelling, the chemical and
mechanical properties of styreneDVB copolymers can adjusted by controlling DVB content in the
initial monomer blend, which leadsto differences in crosslink density in the final polymer.
Styrene-DVB copolymer are important in iorexchange resin&® 175 as well as proton exchange
membranes (PEMs) where it has been shown that the incorporation of inorganic nanoparticles
within the polystyrene-DVB PEM can impart enhanak mechanical, thermal, and masgansport
properties to the composite materialt76.177

The TEM of the ultramicrotomed sample and the obseed increase in PL efficiency of
polymer-treated films suggest that the NCs are homogenously distributed in an insulating film

matrix. Such large increases in PL would not occur if a polymech phase simply encapsulated an



Chapter 4z Polymer Stabilization of Electrophoretically Deposited CdSe NC Films 121

underlying NC rich phase. Théncrease in PL efficiency suggests NC dispersion in the polymer and
some passivation of the core NC cores; this could also explain the small PL red shifts seen in the
polymer sample. The monomers are not conventionally used as ligands to cap and passvdie
surfaces of CdSe NC cores. This increase in PL seems to be particularly strong for the acrylates

(Figure4.13), which suggests strong interactions with the stes on the core surface. The PL red

shift may suggest slight carrier delocalization at the core associated with this surface passivation.

4.6.2 Consideration of Polymerized EPD NC Film Modulus
The woDEAOA | #A3A . # Ai OA OAEI |1 AOé&TsaiAmhodel BT 1 UI .
micromechanics model(Equations 3.13- 3.15) was used with Eq4se= 17 GPa (for r = 1.75 nni)s,
AT Ausew0.18. The elastic modulus of each polymer was assumed equalttose values measured
in Figure4.9. The bulk modulus (K) and shear modulus (G) of the polymer and CdSe NC phases

were calculated using standard solid mechanics relationshipgEguation 4.10and Equation 4.11).179

o — Equation 4.10

0 — Equation 4.11

Usingligand shell thicknesscalculations introduced in Chapter 3Equation 3.2)we
estimated the CdSe NC core volume fraction in the untreated film. Assuming a NC core diameter of
3.5 nm we predict the CdSe volume fraction in thas-deposited film ( ap) to be 0.69, 0.52, and 0.42
for 10 %, 20 %, and 30 % ligand coverage respectively. The lower end of this spectrum ¢120 %
ligand coveragenap=0.697 0.42) is most realistic in light of the extensive washing CdSe NCs are

exposdal to prior to EPD.
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between the measured values of polymetreated EPD NC film modulus and the values predicted by

Under these assumptions it is found that different values af.oy lead to the best agreement

the Halpsin-Tsai model (Table4.2). It is apparent that for all polymertreated EPD NC films there is

a decrease in the bestEE O O AJy @shthe las&imed value of initial ligand coverage increases.

This is consistent with a film that loses some degree of elastomeric performance as a result of

decreased crosdink density and increased fraction of van der Waals interaction (expected for alky

type TOPO ligands) Table 4.2 also shows that for DVB and DDMA the besEE O OAIT OAO
0.22 7 0.36, while the bestEE O O A Joy@ahde frdm4P 7 6.8; suggesting that DVBand DDMA
treated films have the lowest fee-volume fraction and exhibit the highest degree of elastomeric

performancel6..163 |n the case of the DDMAreated film, this is consistent with the high level of

elasticrecovery observed duringnanoindentation (Figure 4.8).

OET Cl A £/AJ=0A8 wagHouad to provide the best oveall fit of the Halpsin-Tsai model to

the measured elastic modulus dataKigure 4.9), where best fit is defined as the minimum value of

B O

Table 4.2: Poisson's Ratio () that leads to best fit of by Halpsin -Tsai model to measured EPD
NC/polymer film elastic modulus.

10 % Ligand

20 % Ligand

30 % Ligand

Coverage Coverage Coverage
(nAD: 069) (n/.\D: 069) (nAD: 069)
DVB 0.36 0.28 0.22
BDMA 0.05 0.01 0
HDMA 0.08 0.06 0.05
DDMA 0.36 0.35 0.34

An intermediate value for the initial ligand coverage was assumed (20 %,p = 0.52) and a

0O

Figure 414 shows that the HalpsinTsai model tends to over

/e

o

o
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estimate the elastic modulus for DVB and DDMA while underestimating the elastic modulus of

BDMA and HDMA.
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Figure 4.14: Comparison of measured film modulus with modulus predicted by Halpsin  -Tsai model

j pby =0.18).

4.6.3 Consideration of Stress and Strain

During monomer-treatment of the asdeposited EPD NC film, the monomers fill the voids
between NCs and form a homogenous NC/monomer solution. We observe that for small
monomers such as DVB and BDMA there is a relatively modest increase in the polymerized film
thickness (< 5 x) compared to the untreated film, while the larger monomers such as HDMAd
DDMA lead to a substantial increase in film thickness (> 10 x) relative to the untreated film. The
work presented in Chapter 3 shows that relief of irplane strain (i.e.Q ‘Q wheredis the
NC core separation) can lead to an ~38% inease in EPD film thickness. This suggests that the
increased film thickness resulting from monomer treatment and polymerization is not simply
preservation of the asdeposited NC spacing, but is the result of partial dissolution of the as
deposited film into the monomer phase. Because the final polymerized product is notvolatile,
monomer treatment and polymerization avoids strain that would otherwise develop in the EPD NC

films as a result of solvent evaporation and adherence of the film on the substrate.
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There is however film strain arising from UV polymerization of the monomeNC film,
particularly in the case of crosdinked polymers8 The final in-plane tensile strain of these
adhering films is determined by the differencein monomer and polymer densities. For pure DVB,
the volume contraction is ~10% after polymerization, so the implane tensile strain after the
isotropic contraction is ~0.03. For BDMA, the corresponding values are 3% and 0.01; even smaller
values are expeted for HDMA and DDMA because contraction scales inversely with density of
crosslink points. In each case, the iplane strain is much smaller than that for the untreated films

and below the threshold for film fracture.

4.6.4 Consideration of Fracture

UsinC OEA ' OEZEZZEOEGO AOEOAOET T ¥EpolymeAt@airaeatoiA |
EPD NC films may prevent fracture by one or more potential mechanisms:

(1) Decrease of strain: The volume of the filnoriginally occupied by deposition solvent is
now occupied by polymer, so film contraction and corresponding tensile stresses are reduced.
When the NCs are miscible in the monomers, strains and stresses should vanish, i.e. until
polymerization. This mechaism is likely very significant in suppressing fracture.

(2) Increased film toughness: It has been well documented that the incorporation of
nanoparticles in a polymer yields a composite material with toughness greater than that of the
constituent polymeric phasets2.183 This could be part of the reason for the suppression of fracture
in the treated EPD NC films.

(3) Increased plasticity: The infusion of monomers could be expected to increase film
plasticity, so that NCs could reorganize and the film could relax prior to polymerization. Since the

evaporation of monomers prior to polymerization noted in some cases led to film cracking,

monomer infiltration apparently did not lessen strain film in these casesand so this mechanism is

/EE |
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likely not important. There could be some local relaxation, but it does not occur on a large scale.
For an adhering film, a decrease in film thickness would be expected after NC relaxation over large
distances, but this is not een.

(4) Film overcoating: The EPD film could be overcoated by a polymer film that bears a

compressive stress to lessen film contraction. The TEM kigure4.7 showing NC dispersion and
the polymer increase in PL Figure4.13) suggest there is no mechanically robust overcoat, and so

this is not a primary source of crack suppression. Furthermore, such large increases in PL would

not occur if a polymerrich phase smply encapsulated an underlying NC rich phase.

4.7 Conclusions

When large strains and fracture arise after drying of EPD films formed from NC with
incomplete ligands shells on the core, the mechanical state of the film can be substantially improved
through the infusion of small monomers in the still wet film, followed by polymerization.
Specifically, it was seen here that treating CdSe NC EPD films with several monomers followed by
UV-initiated polymerization suppressed cracking. The packing density of NGsmains high for
several of the polymers, in particular those formed using DVB and styreri@VB mixtures, as it is for
the untreated EPD NC films. However, NC packing density is reduced if the monomer treatment
swells the asdeposited NC film, such as aftadreatment with HDMA and DDMA. In these films the
NCs are believed to dissolve into the monomer, and upon subsequent UV polymerization form a
more dilute NGorganic composite. Although polymerization of a monomer is known to decrease
OEA 1 AOA a&dd lkay le@ds to@ome tensile strain in the polymerized EPD NC film, the
level of strain is apparently below the fracture threshold of the composite NGrganic material.
Monomer treatment and subsequent polymerization appears to passivate the CdSeC Ncore

surfaces and increases the PL efficiency of the final film. This suggests intimate contact between
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the polymer phase and the NC core surface and indicates there may be an opportunity to increase
the conductivity of polymer-treated EPD NC films bylwice of a conductive ligand. A mechanically
robust, electrically conductive, NC film formed through EPD could be usefidr applications such
as solar cell$°6 and field-effect transistors184

This work discussed in this chapter has been published:

T. J. Kramer, S. K. Kumar, M. L. Steigerwald, and |. P. HerthBhys. Chem. B012, 117,
1544
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5.1 Introduction to Hybrid organic/inorganic NC Composites for
Photovoltaic Devices
In the previous chapters we have focused on NC composite materials created bylbéitting

an inorganic NC film with an organic material that lends both mechanical stability and chemical
passivation; leading to nanocomposite films with improved mechanical properties and enhanced
optical performance. The ability to precisely deposit NCusing electrophoretic deposition (EPD)
and thus control the resulting hanocomposite material with a micron scale precision reflects the
goal of this thesis: to explore techniques for the control of interfaces in hybrid N@ganic
composites. In this chpter we will explore a complementary technique in which an organic
material is backfilled with inorganic NCs, in this case reaching a nanometer level of precision in
locating the organicinorganic interface. Specifically, we will explore a technique delaped as part
of this thesis whereby a sacrificial polymer is used to template polyfBexylthiophene) [P3HT] into

a film consisting of a dense array of crystalline nanowires. This structure, when backfilled with a
complementary electron accepting phase (gch as NCs), can be used to yield a hybrid

nanocomposite with potential application as the active material in a photovoltaic (PV) device.

5.2 Photovoltaic Nanostructures
5.2.1 Organic Bulk Heterojunctions for Photovoltaic Applications

Organic bulk heterojunctions(BHJs) are a promising platform for solar energy conversion
due to the low cost of the precursor materials, their high active volume fractions (i.e. film volumes

within an exciton diffusion length of a donoracceptor interface), and their potential for hidn-
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throughput production (i.e. roll-to-roll processing). The highest reported external quantum
efficiencies (EQE) for such devices are over 8%2185 18 Attaining higher efficiencies will likely
require new materials systems that absorb in the infrared (IR) portion of the solar spectrum. In
particular, the use of inorganic IR sensitizing materials in conjunction with organimaterials holds
promise for enhancing the efficiency of lowcost photovoltaic (PV) device$4 187.188 The current
paradigm of depositing both the donor and acceptor phases of a BHJ simultaneouflgm a
common solvent limits the use of many such IR sensitizing materials. Such estep methods of BHJ
fabrication require each phase to meet a demanding set of electronic and miscibility criteria to

attain good electrical characteristics as well as dpnal nanoscale morphology.

5.2.2 Nanocrystal -sensitized Photovolt aics

Inorganic nanocrystals (NCs) have desirable optical and electronic properties and could
serve as an optical sensitizing agent within a BH8;189. 190 however, limited NC solubility in
complementary organic materials can prevent the formation of an efficient BHJ morphology.
Conventional techniquesi®! such as spin casting NCs simultaneously with organic semiconducting
materials, typically lead to NC aggregation, which limits device performandée 193

One strategy to avoid the aggregation of NCs (or any other complementary phase) when
utilized in a composite material is to structure one phase of the composite first and then backfilléh
second phasé?®4 For PV devices it is particularly desirable for the donor phase (where the majority
of optical absorption occurs) to have a nanowire morphology which results in a high volume
fraction of material within an exciton diffusion lengtht®s of a donoracceptor interface (i.e. active

volume).
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5.2.3 Low-dimensional Organic Nanostructures for Photovoltaics

Considerable research has been dedicated to the development of lalvmensional
structures composed of organic semiconductor&6-198 with organic PV performance being found to
depend on both phase morphology and crystallinity99-202  Poly-(3)hexylthiophene (P3HT) in
particular has been found to spontaneously form nanowires in a variety of donor/acceptor blends.
Annealing blends of P3HT and [6,6phenyl-Cs:-butyric acid methyl ester (PCBM) creates a network
of highly crystalline P3HT nanowires within a PCBM rich phas.200.203-205 resulting in enhanced
PV device performance. Distinguishing the beneficial influences of P3HT crystallization and P3HT
nanowire morphology on PV device prformance is difficult. Increased P3HT crystallinity provides
enhanced hole mobility, while the evolution of an interpenetrating donor/acceptor morphology
facilitates exciton separation and charge carrier transport. Annealing of spicast P3HT/PCBM
blends leads to P3HT nanowire crystallization, but PCBM diffusion within amorphous P3HT
remains an active process even after crystallization of P3HT is complete. The continued
improvement in PV device performance observed upon continued annealing, when P3HT
crystallization has concluded, suggests that evolution of donor/acceptor morphology alone is
important and can be utilized to improve the efficiency of PV device&3. 206,207

The ability to control P3HT crystallization and morphology independently of the acceptor
phase is difficult using traditional onestep casting methods99.200,202,208 \When using nonfullerene
acceptor materials (such as NCs or planar conjugated molecul&s)0.209 the miscibility of donor
and acceptor phases is expected to change dramatically comparedftdlerene-based systems10
and may not lead to favorable blend morphologies. It will be advantageous to develop techniques in
which the donor-acceptor morphology is decoupled from the choice of acceptor material. Also,

although solution-phase methods for generating P3HT nanowires can yield efficient BHJ structures,
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their reliance on relatively large volumes of dilute P3HT nanowire solutions is undesirable from a
production standpoint. The need for careful filtration of unwaned byproducts further limits the
utility of solution -phase nanowire production.

It would be advantageous to generate nanowire P3HT films directly on a substrate prior to
application of the acceptor phase. Previous work has shown that it is possible to dsit a mat of
P3HT nanowires on a variety of substrates utilizing rigid templatei§7.211-213 gnd electrospinning214
215 as well as by growing P3HT nanowires in a marginal solvent and casting these fibers on a
substrate?16-218  Using such techniques it is possible to backfill a high active volume P3HT
morphology with a complementary acceptor material, in some cases yielding photovoltaic devices
with power conversion efficiencies (PCESs) of over 3%$.217 More recently it has been shown that
various organic nanowires (including P3HT) can be decorated with NCs while still in solution prior
to casting on to a substratéi4 219-221

Qiu and coworkers demonstrated tha it is possible to generate P3HT nanowires on a
substrate by annealing planar films of P3HT and poly(methylmethacrylate) (PMMA), followed by
the removal of the PMMA using acetic acid2 223 This technique employs a low initial P3HT
concentration (< 5 wt.%) and also relies on an oxidizing selective solvent (acetic acid) that is
expected to degrade the performance of most organic semiconducting polymers.

We report a versatile twostep method for generating P3HT nanowires directly on a
substrate, producing an improved nanoscale BHJ morphology. By using a rmadizing selective
solvent to remove PS from a P3HT/PS blend we generate a dense mat of highly crystalline P3HT
nanowires that are 2040 nm in diameter and hundreds of nm long. Others have used blends of
P3HT and polystyrene (PS) to create similar structure®8 but to our knowledge it has not been

demonstrated that the PS pase can be removed from a P3HT blend with a selective orthogonal
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solvent to expose nanowires of P3HT. Our nanowire mat can subsequently be backfilled with
various complementary materials, such as PCBM or cadmium selenide (CdSe) NCs using an
orthogonal sdvent. This process enables scalable, arhip fabrication of P3HT nanowire networks
suitable for fabrication of BHJ devices composed of complementary materials that would not
otherwise form a BHJ morphology using traditional onestep casting methods wherthe acceptors

do not have suitable solubility/miscibility characteristics to promote nanowire growth while

avoiding acceptor phase aggregation (as with NCs).

5.3 Results

After removing PS (10.4 kg/mol) from the initial P3HT/PS blend, the films contain an
abundance of P3HT nanowires that are 280 nm in diameter and hundreds of nm long. The SEM
image in Figure 5.1 reveals the morphology that results from a typical blend of P3HT and PS
initially containing 50 wt. % P3HT after removal of the PS phase. The influence of the P3HT:PS
ratio on the P3HT nanovire network morphology was explored by fixing the P3HT concentration at

15 mg/mL and varying the concentration of PS (MW of 10.4 kg/mol) from 15 to 60 mg/mL.

R e e R ek R ey M T B 2
Figure 5.1: SEM image of P3HT nanowires generated from a blended film initially containing 33 wt. %
P3HT and 77 wt. % 6.4k MW polystyrene (PS). The scale bar is 200 nm wide.

Y
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As seen inFigure 5.2a and Figure 5.2b (and also in lower magnification inFigure 5.4a and
Figure 5.4b), an initial P3HT content of 40 wt. % or less (10.4 kg/mol PS) redslin a mat of P3HT
nanowires covering the majority of the substrate with raised micronscale circular mesas of planar
P3HT. This structure is inverted for blends of P3HT and PS initially containing 50 wt. % or more
P3HT; when P3HT is the majority constitent (Figure 5.2¢c andFigure 5.2d, and alsoin Figure 5.4c
and Figure 5.4d) there are smdl pockets of P3HT nanowires surrounded by a planar P3HT film that

covers large portions of the substrate.

VRGO

Figure 5.2: SEM images of P3HT nanowires generated from blended films initially containing (a) 30
wt. % P3HT, (b)A40 wt. % P3HT, (9) 50 wt. % P3HT, and (d) 75 wt. % P3HT (scale bar 500 nm). The . .
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AFM traces of blended P3HPS films before and after P&moval show that the thickness
of the planar film regions approximately equals the thickness of the original blended filmF{gure
5.3), suggesting tle planar regions in these films are the original blended film surface. It is also
apparent from Figure 5.3 that P3HT nanowire mats generated from bleded films initially

containing <40 wt. % P3HT are extremely thin (<40 nm) and may contain only one or two
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nm). As seen irFigure 5.3a, the thickness of the nanowire mat as well as the height of the planar
mesa regions generated from low P3HT fraction blends are reduced compared to film cast from
blends containing 50 wt. %P3HT and greater. We attribute the decrease in film thickness to loss of
P3HT that had become fully surrounded by PS in the initial spicasting step, and was then

dislodged upon PS removal.

140 B Pianar Planar

(a) 228 Nanofiber

(b)
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Figure 5.3: (a) AFM thickness data from P3HT nanowire films generated by removal of PS from
P3HT/PS blended films (all films cast from solutions containing 30 mg/ml total solids). Thickness
data are averaged over 100 pm 2. (b) AFM image from P3HT nanowire films generat ed by removal of
PS from a P3HT/PS blend with 40 wt. % P3HT.

As the P3HT weight fraction is reduced the areal fraction of the chip covered by the
nanowire mat steadily increases, as seen ifigure 5.4e. The SEM images of these films were
analyzed by image processing (pixel counting), with nanowire pockets and planar P3HT mesas
approximated as ellipsoids to determine the areal fraction of the film covered with P3HT nanowires.
Figure 5.4e shows an approximately linear decrease in exposed P3HT nanowire coverage as the
P3HT weight fraction in the initial polymer blend is increased. This suggests théims cast from
solutions initially containing relatively low P3HT content (< 30 wt. %) exhibit the greatest areal

fraction of P3HT nanowires upon PS removal.
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Figure 5.4: Areal fraction of P3HT films with nanowire morphology in (e), along with SEM images of
P3HT nanowires generated from blended films initially containing (a) 30, (b) 40, (c) 50, and (d) 75 wt.
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Surface contact angle measurements were performed to test this apparent monotonic

correlation between initial P3HT fraction and nanowire coverage. The data seen irable 5.1

reflects the average of ten separate measurements conducted using water droplets with a volume of

8 ml.

Table 5.1: Average surface contact angles made by water droplets in contact with P3HT films after
removal of PS from blends containing different initial P3HT content.

Initial P3HT Content (wt. %) Average Contact Angle (°)
20 101.2+4.8
30 106.4+£1.8
40 109.4 £ 4.6
50 119.7+£2.2
60 1175+£4.2
70 1146 £ 3.0
80 1118+ 1.5
100 102.0+ 2.7
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We assume that the intrinsic interfacial energy of P3HT does not depend on P3HT
morphology. On the macroscopic scale (such as the area contacted by a water droplet) we assume
there is a surface roughness factof that describes the largerinterfacial surface area of a non

planar morphology and the correspondingly larger effective interfacial energy, as given by

[ ¥ Equation 5.1

where g is the effective interfacial energy and the superscript® and NW denote the planar and

TATTxEOA T 1T OPEITTTCEAO OAODAALEDSIgY® ] to Beddibete 91 OT C8
contact anglef at the circumference of a liquid droplet in contact with a solid substrate, Equation

5.1 becomes

Equation 5.2

where rsg (s, andr g denote the solidgas, solidliquid, and gasliquid interfacial energy respectively.

30AOOEOOOET C 91 01 ¢80 OAlI AGET T OEEDP ET O %NOAOEITT v

Y p Equation 5.3

which upon making the assumptionrg B rsy reduces to the Wenzel relationshipg4 for liquid

droplets in contact with a rough surface

Al Wwie Equation 5.4
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Using Equation 5.4 and the measured values pfW (Table 5.1) we arrive at the estimates of
the surface roughnessS shown in Figure 5.5. These dai suggest that the nanowire morphology
produces a maximum effective surface area that is approximately twice that of the planar (100 wt. %
P3HT) film.

Cassie and others have explored the influence of incomplete wetting by a liquid droplet in
contact with a hydrophobic porous substrate due to trapped ai#?5226 Assuming an idealized
substrate described by a repeating array gbarallel cylinders, it can be shown that

Al OATS o p Equation 5.5
where f is the fraction of the liquid-substrate interface in contact with the solid material and if
(the areal porosity) is the fraction of the droplet in contact with trapped air. Applying Equation 5.5
to the surface contact data reveals that P3HT nanowire filmd={gure 5.5) have up to 40% areal
porosity (i.e.,f~ 0.6). The observed differences between results iRigure 5.4e andFigure 5.5 (for S
are attributed to the presence of exposed SiGubstrate for films cast from low initial P3HT weight
fraction blends(< 40 wt. %). As seen ifrigure 5.3 nanowire films generated from blends with low
initial P3HT content may be only ~ 20 nm thick and are susceptible to pinholes which would
expose the hydrophilic SiQ substrate and decrease the average surface energy of the water

substrate interface; leading to reduced contact angle and an apparent decrease in fiorface area.
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Figure 5.5: Effective surface roughness (S and wetting fraction ( f) as calculated from surface -contact
angle measurements presented in Table 5.1.

UV-vis absorption spectra taken before and after PS removal of blended films (cast on FTO
coated glass substrates) show that for blended films initially containing 40 wt. % P3HT or less,
there is a decrease in P3HT absorption at 560 nm of over 10%, indicating a loss of P3HT when the
PS is removed. This is consistent witkigure 5.3 and the hypothesis that the low effective surface
area reported inFigure 5.5 is the result of exposed substrate.

In contrast, the UMvis absorption spectfa shown inFigure 5.6 reveal that very little P3HT is
lost in the PS removal process when the initial P3HT blend contains 50 wt. % P3HT or greater (< 3%
decrease in film absorption at 560 nm upon PS removal). Figure 5.6 it is also apparent that the
incorporation of PS into the film has very little effect on the absorption profile of the blended film.
However, upon removal of the PS phase from the blended film the P3HT nanowire mat exhibits a
reduced absorption shoulder at ~525 nm while the absorption peak at ~610 nm is enhanced. The
increased relative absorption at 610 nm may be the result of an increas@ ithe number of

delocalized inter-chain excitonic state$s.
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Figure 5.6: UV-visible absorption spectrum of films prepared from as -received P3HT (black), 50 wt. %
P3HT- 50 wt. % PS blend (red), and P3HT nanowire mat resulting from removing PS from 50 wt. %
P3HT-50 wt. % PShlend.

The influence of the PS molecular weight on P3HT nanowire morphology was investigated
by varying the PS MW from 6.4 kg/mol to 96k kg/mol, while keeping the P3HT:PS ratio constant
(33 wt. % P3HT). As seen ifrigure 5.7 the final P3HT morphology is relatively insensitive to PS
MW and is characterized by nanowires covering approximately ~8®0% of the substrate surface.
However, for PS MW of 19kg/mol or higher, two 30 min immersions in fresh PS selective solvent
(1:2 THF/EtOH) were needed to fully remove the PS phase, resulting in a P3HT nanowire

morphology equivalent to those discussed above.
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Figure 5.7: P3HT nanowire films produced by selective removal of PS from initial P3HT/PS blends
containing PS with a MW of (a) 6.4k g/mol, (b) 10k g/mol, (c) 17.3k g/mol, and (d) 96k g/mol. The
initial P3HT/PS blend contained 33 wt. % P3HT. Scale bars are 500 nm wide.

The WAXS data presented ifrigure 5.8c demonstrate that P3HT nanowire films produced
by selective removal of PS from a P3HT/PS blend exhibit a degree of crystallinity similar to that of
the pristine P3HT film (Figure 5.8a). Diffraction peaks from the first, second, and third order (h00)
reflections appear along theg,axis at values of 0.38 A 0.8 AL, and 1.2 A, respectively, in all
samples. This indicates that the lamellar sidehain stacking between adjacent thiophene
molecules is normal to the substraté®.227.228 AT A O E Adonjugated plane of the thiophene
repeat unit has an edgeon orientation to the substrate. A weak signal from the (010)eflection at a
Oy ~1.6 A1 OO C C A O G étacking &f thiophene molecules is partially crystalline. The diffuse
reflection signal atq~1.8 At is attributed to scattering from the underlying PEDOT and is seen in
control samples of pure PS as well asabe PEDOT on ITOHigure 5.9). Overall, the crystallinity of
the pristine P3HT film and the P3HT/PS film after PS removal are very good, and that of the

P3HT/PS blend film is slightly better.
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Figure 5.8: WAXS data from (@) pristine planar P3HT, (b) a blended P3HT/PS film containing 50 wt. %
P3HT, and (c) a P3HT nanowire film generated by removal of PS from an initial P3HT/PS film
containing 50 wt. % P3HT. Data collected at the Stanford Synchrotron Radiation Light Source.

A line trace ofqg, (Figure 5.9a) reveals a slight shift of the (100) peak to loweg,values for
the P3HT/PS blend film relative to pristine P3HT and suggests a very slight (~1%) expansion of the
d-spacing along the eaxis of the P3HT crystal (h0O0 direction) when the PS phase is present. When
the PS phase is removed, the position of the (100) reflection shifts to highgsvalues, consistent
with a ~3% decrease in lamellar stacking distance relative to pristine P3HT. THheact that this
expansion/contraction is small and not accompanied by significant broadening of the (100) peak
suggests that the P3HT crystal structure is only slightly perturbed by the presence of the PS phase
or by its subsequent removal. It is therefordikely that only a very small fraction of the PS is
intercalated into the P3HT crystallites that compose the resulting nanowires. A similar shift is not
found in the (010) reflection found at a gy value of ~1.6 A Figure 5.9b) indicating that PS has less
AEEAADO N TOGEREET ¢ T £ AAEAAAT O iofipladeAadnelid Gidedhbin DA OA A

stacking.
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Figure 5.9: Intensity traces of the 2D WAXS pattern from a bare PEDOT -coated ITO substrate (green),
a PS control film (magenta), a P3HT control film (black), a P3HT -PS blend (50 wt. % P3HT) (red), and
a P3HT nanowire film (blue) integrated within ~ (a) a 20° arc starting from the q : direction toward the
(xy direction and (b) a 10° arc starting from the q xy direction toward the q :direction.

SEM images of P3HT nanowire films treated with solutions of 1:2 DCB/DPEidure 5.10)
show that the nanowire morphology is not damaged by application of the acceptor phase during PV
device fabrication. As seen ifrigure 5.10, the persistence of the P3HT nanowires suggests that the
DCB/DPE mixture used to apply both PCBM and CdSe NCs to P3HT nanowire films for PV device

fabrication does not damage the nanowe morphology.

Figure 5.10: P3HT nanowire film generated B} removal of PS from an initial P3HT/PS blend
containing 30 wt. % P3HT after spin casting a solution of 1:2 DCB/DPE at 800 rpm for 60 s followed
by 2000 rpm for 5 sec. The scale bar is 400 nm wide.

The WAXS data presented ifrigure 5.11 are consistent with Figure 5.10 and demonstrate
that the crystallinity of P3HT is not substantially affected by treatment with PCBM in DCB/DPEOf

particular significance is the fact that the intensity of he (100) reflection atq,= 0.38 At does not
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change substantially after treatment with DCB/DPE, indicating the carrier solvent for PCBM and

CdSe is orthogonal to the P3HT nanowire film.
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Figure 5.11: WAXS data from (a) pristine planar P3HT films and (b) planar -bilayer -prepared
P3HT/PCBM films, along with (c) line traces of intensity for these data. = Data collected at the National
Synchrotron Light Source at Brookhaven National Laboratory .
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The JV curves of four photovoltaic devices fabricated by backfilling P3HT nanowire
network films with organic and inorganic acceptor materials are shown irFigure 5.12. As seen in
Figure 5.12a, a planarprepared P3SHT/PCBM device (50 wt. % P3HT) has a short circuit current
density (&) of 0.8 mA/cm2, an ogen circuit voltage (Voc) of ~0.43 V, and a fill factor (FF) of 0.37,
yielding a power conversion efficiency (PCE) of 0.13%. For a nanowire P3HT/PCBM device
fabricated from an initial P3HT/PS blend containing 50 wt. % P3HT, thd.increases to 7.75
mA/cm2, with Voc = 0.62 V and FF = 0.25, yielding a PCE of 1.22%. This represents an increase in
efficiency of 840% compared to similarly processed planaprepared devices.

As a demonstration of the versatility of this fabrication method we also constructed PV
devices consisting of P3HT nanowires backfilled with CdSe NGsdure 5.12b). This type of device
is unique in its ability to combine both organic and inorganic materials in a PV device with well
defined BHJ morphology. The planaprepared P3HT/CdSe NC device hak = 0.32 mA/cm?, Vo =

0.80 V, and FF = 0.42, yielding a PCE @11%. When a nanowire device (33 wt. % P3HT) is
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similarly backfilled with CdSe NCs}. = 3.0 mA/cne, Voc = 0.53 V, and FF = 0.26, yielding a PCE of

0.41%, which is a 270% increase over the equivalent plan@repared device.
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Figure 5.12: (a) JV curves of all-organic PV devices fabricated by backfilling with PCBM a planar
P3HT film (dashed line) (cast from a solution of 15 mg/mL P3HT), and a nanowire P3HT film (solid
line) (P3HT/PS solution containing 15 mg/mL (50 wt. %) P3HT). (b) J -V curves of hybrid PV devices
fabricated by backfilling with CdSe NCs a planar P3HT film (dashed line) (15 mg/mL P3HT), and a
nanowire P3HT film (solid line) (P3HT/PS solution containing 15 mg/mL (33 wt. %) P3HT). The
films represented by dash ed lines are called planar -bilayer -prepared in the text.

The influence of P3HT content in the initial P3HT/PS blend on eventual PV device
performance was studied and the results presented ifigure5.13. Following procedures described
above, a series of albrganic P3HT/PCBM devices were fabricated by backfilling of P3HT nanowire
films with PCBM dissolved in a solution of 1:2 DCB/ P3HT nanowire films were prepared from
P3HT/PS blends containing 10 wt. %, 20 wt. %, 30 wt. %, 40 wt. %, 50 wt. %, and 100 wt. % P3HT
(all films cast from solutions containing 15 mg/ml P3HT). Results for the 50 wt. % and 100 wt. %
(planar) devices areFigure5.12. We find that devices fabricated from P3HT/PS blends containing
less than 20 wt. % P3HT do not exhibit PV performance, likely as a reisaf cathode-anode short
circuits. PV performance for devices fabricated using 20, 30, 40, and 50 wt. % P3HT is presented in

Figureb.13.
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Figure 5.13: (a) J-V curves of four PV devices fabricated by backfilling of P3HT nanowire mats (20 -50
wt. % initial P3HT content) with PCBM. (b) PCE of same PV devices depicted in (a).

In all cases the PV performance of nanowire P3HT devices greatly exceeds the PV
performance of an equivalent planar device (PChanar = 0.13 %). Although PV performance does
not correlate precisely with the apparent nanowire coverage Kigure5.4), it is significant that the
device exhibiting the greatest PCE corresponds to a P3HT nanowire film with the greatest apparent
surface roughness Figure5.5). The relatively similar values of PCE for devices fabricated from
P3HT/PS blends containing 20, 30, and 40 wt. % P3HT may mean these films have simslab-
surface morphology that cannot be effectively characterized using SEM and surface cordaagle

measurement techniques.

5.4 Discussion

Spontaneous demixing of P3HT and PS generates a dense array of crystalline P3HT
nanowires embedded in a PS matrix.The PS matrix is subsequently removed using a selective
solvent, exposing a network of P3HT nanowires that has substantially greater surface area and
active volume than a planar P3HT film. The WAXS measurements reveal that these P3HT

nanowires are highlycrystalline and that PS is absent from the interior of the P3HT nanowires.
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Our results suggest that the formation of P3HT nanowires is driven by the crystallization of
the P3HT phase and the corresponding exclusion of the PS phase from the P3HT crystallitd he
P3HT phase appears to preferentially adhere to the substrate and upon crystallization forces the PS
phase to migrate toward the exposed film surface. This phenomenon is fortuitous given that many
PV devices are fabricated utilizing ITO as both theibstrate and anode (hole acceptor).

At low P3HT fractions this method produces many small P3HT crystals that are surrounded
by a continuous matrix of PS. Upon PS removal from these films some of the P3HT is left
unsupported, leading to a loss of P3HT tthe selective solvent. There must be sufficient P3HT in
the initial blend so that during film drying the P3HT domains form a continuous and interconnected
network of nanowires. This type of network appears to occur only for P3HT fractions >40 wt.%.
The molecular weight of the PS sacrificial phase appears to have relatively little effect on the final
film morphology.

4EA T AOGAOOAA OOAT OEOEITT &OI T ODPI AEAOOGS T &£ 1TATI
nanowires with mesas of planar material is kearly influenced by P3HT content. When the P3HT
loading is high (> 40%) we see that PS is excluded into approximately cylindrical regions resulting
in pockets of P3HT nanowire. When P3HT loading is 40 wt. % or less we observe the formation of
cylindrical regions of high P3HT concentration, which upon PS removal results in circular mesas of
planar P3HT surrounded by a mat of P3HT nanowires.

The surface contact angle analysis iRigure 5.5 suggests the maximum film roughness of
P3HT nanowire mats occurs with an initial P3HT content of ~50 wt. %, whereas the image
processing technique Figure 5.4e) suggests maximum nanowire coverage at lower P3HT loading.
The UMvis absorption and AFM measurements suggest that the apparent decreaseSat lower

P3HT content results from contact of the water droplet wh exposed regions of the silicon
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substrate. This is reasonable given the likelihood of pinholes in the thin P3HT nanowire mats that
result from low initial P3HT loading fractions. Because the native oxide present on the silicon
wafer substrate is hydrophilic, the existence of pinholes will reduce the effective solitiquid
interfacial energy, decreasing the droplet contact angle, leading to an apparently low roughness
factor. Photovoltaic device measurements show that these low weight fraction P3HT cent
P3HT/PS blends do not yield efficient devicperformance (Figure5.13). Insome cases (initial P3HT

< 20 wt. %) PV performance is entirely absent as a result of pinholes in the P3HT leading to shunt
pathways between the cathode and anode.

The SEM image of nanowires persisting after treatment with that solvent system used for
backfilling (Figure 5.10) suggests that backfilling does not dissolve the P3HT nanowire network
and does not lead to any significant plasticizing effects (which could allow the diffusion &y the
PCBM). Still, we note that it is known that there can be bilayer mixing in P3HT and PCBM layers
formed by solution processing even without thermal annealing and even when supposedly
orthogonal solvents are used?® consequently, it is possible that there is intermixing in our planar
prepared and backfilled P3HT nanowire films The WAXS data presented iRigure 5.11 suggests
that any such mixing does not significantly affect P3HT crystallinity

It is known that annealingcauses some intermixing between sequentially deposited P3HT
and PCBM layerg07.210,230-233 gnd the extent of this mixing can be very significant for > 100C207.232
Therefore in this study it coud be expected that the sequentially deposited layers of P3HT and
acceptor material (PCBM or CdSe NCs) do not form a discrete interface, but more likely form a
mixed region near to the nominal donoracceptor interface. The intermixing of P3HT and PCBM has
been found to occur predominantly through intercalation of PCBM into regions of amorphous P3HT,

but does not impact the structure or morphology of existing P3HT crystalliteddowever, in light of
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the high P3HT crystallinity and lower annealing temperature 75 °C) employed in this study,
relatively little PCBM is expected to diffuse into the P3HT phase due to anneal#g232 thus
preserving the morphological distinction between planarprepared andnanowire blends.

In PV devices fabricated from P3HT nanowire films backfilled with PCBN increases by
870% relative to that of planarprepared film devices (for which there may be some intermixing
between the P3HT and PCBM layers), yielding a 840% rela increase in PCE. Similar to PCBM
backfilled devices, we observe an 840% increase ik for hybrid P3HT/CdSe NC nanowire devices
compared to a similar planarb OADAOAA AAOEAAS (1T xAOAOh OEA &&
shaped 3V curve is relatively low, so the hybrid nanowire device exhibits a comparatively modest
270% increase in PCE compared to a similar plangrepared device. The low FF observed for the
nanowire hybrid NC device may be the result of an increase in the number of interfacial ra
sites?34-238 grising from both increased surface area as well as the presence of unbound pyridine in
the NC solutionz3?

Photovoltaic devices fabricated by backfiling the P3HT nanowires with an acceptor
material are more efficient than the coresponding planar-prepared devices, likely as a result of
higher active volume fraction of P3HT with the nanowire morphology (even with some interphase
mixing in the planar-prepared devices); the P3HT crystallinity is expected to be high in both
structures. Moreover, PV devices with the highest PCE correspond to films possessing the lar§est
and smallestf, suggesting a direct correlation between surface area, film porosity, and active
volume of the P3HT phase of a BHJ PV device, and that the reducedetisionality of the nanowire
morphology enables a larger fraction of photeexcited excitons to be extracted from the P3HT

phase.
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5.5 Conclusions

A method is described to fabricate large surfacarea networks of crystalline P3HT
nanowires in which the PS phae is removed from blended P3HT/PS films. Photovoltaic devices
fabricated by backfilling these P3HT nanowire structures with an acceptor materials results in PV
devices with enhanced PCE. Increases in PCE of 840% and 270% are observed in devices badkfill
with PCBM and CdSe NCs respectively compared to plafimliayer-prepared devices. The observed
increase in PCE results from an increase ik attributed to greater active volume within BHJ devices
containing a P3HT nanowire morphology. PV devices fabricated from P3HT nanowire films
backfilled with CdSe NCs demonstrate the unique capability of combining both organic and
inorganic materials in a device with welldefined BHJ morphology. This twestep process enables
scalable, onchip fabrication of P3HT nanowire networks for large BHJ interfacial areas and holds
promise for bringing together complementary materials in a BHJ geometry that cannot be cast
simultaneously with the traditional one-step casting methods.

This work discussed in this chapter has been published:

T. J. Kramer, A. R. Chew, T. Schiros, |. Kymissis, and |. P. Hedm¥lac. Sclech.B:, 2013,
31,031209.
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The previous chapters of this thesis have explored several examples of how nanocrystal (NC)
composite materials can exhibit novel and useful properties. In each case a critical aspect of the
composite material performance was the N@rganic interface. InChapter 3 we showed that,
following electrophoretic deposition (EPD, the surface of sparsehpassivated NCs can &
replenished with new ligands [trioctylphosphine oxide (TOPQ)] leading to an EPD NC film with
reduced elastic modulus but greatly enhancedPL. Chapter 4 explored the addition of various
monomers to asdeposited EPD NC films that, following polymerization, preserved film modulus
while increasing the elasticity and PL efficiency of the composite material. We showed in Chapter 5
that by exposing nanoscale free surfaces in a semiconducting polymer it is possible to create a novel
NC composite material that is suitable for photovoltaic (PV) applications. In each case the chemical
or morphological properties of the NGorganic interface were contolled to achieve enhanced
composite material performance.

In this chapter we will examine the results of several shortexploratory studies that
demonstrate the use of EPD in conjunction with novel organic ligands to create EPD NC films with
enhancedfunctionality. In particular we will explore the use of very small or conjugated ligands
that facilitate EPD and are expected enhance charge transfer between inorganic NCs and a
surrounding medium. We will then show that by using spatially selective EP@ NCs on patterned
substrates it is possible to control the location and fracture characteristics of EPD NC films.

Patterned EPD NC films of this type are used to create a novel phaittive device with lateral (in-
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plane) donor-acceptor interfaces. Thes studies, in aggregate, demonstrate the importance of

controlling NC interfaces within EPD films to yield functional NC composite materials.

6.2 Novel Ligands for EPD NC Films

NCs capped with small organic ligands are capable of exchangirayriers or energy with a
surrounding material. In some cases, the use of a ligand that can be removed through subsequent
processing may lead to a material that exhibits bulkike properties but that can be easilysolution
processed using methods such as spitasting, inkjet printing, and EPD

Chapter 3 and Chapter 4 of this thesis explored the use of EPD to deposit dense films of
cadmium selenide (CdSe) NCs capped with phosphonate molecules (TOPO, tetradecylphosphonic
acid, and trioctylphosphine) In this chapter we will discussthree separate techniques to produce
CdSe NCs, PbS NCs, and ZnO fisse surfaces are cappewvith phenylphosphonic acid (Section
6.1.1), naphthoic acid(Section 6.1.2) and ammonium chloride(6.1.3) ligands respectively (Figure
6.1). We will alsodiscuss preliminary results in which chlorideterminated CdSe NCs have been
deposited using EPD. These NCs were selectedin part, based on the optical and electronic
properties of the NC core.Specifically, each type of NC has the ability to absorb in a unigregion
of the optical spectrum (ZnO absorbs in the UV and visible, CdSe absorbs in the visible, and PbS
absorbs in the nearlR) and therefore has potential applicationin a variety of PV and sensing
applications. These NCgan be usedseparately to absorb/emit light in a particular portion of the
optical spectrum, or usedogether to achieve broadband absorption/emission. The ligands in each
case were selected basedn the criteria that they provide strong electronic coupling between the
NC core and the surrounding environment by virtue of their size (< 1 nm), and in the case of

phenylphosphonic acid (PPA) and naphthoic acid (NA), their conjugated electronic structuréVe
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go on to deposit the aboveNCs using EPD to demonstratthe potential of solution processingto

createuseful nanoscalematerials for device applications.
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Figure 6.1: Molecular structure of (a) phenylphosphonic acid, (b)  2-naphthoic acid, and (c)
ammonium chloride.

6.2.1 Phenylphosphonic Acid Terminated CdSe NCs

New synthetic techniques were developed in order to synthesize CdSe NCs with small
conjugated ligands Specifically, in Section 2.3 it was shown that by addition of phenylphosphonic
acid (PPA,Figure 6.1a) to a solution of highpurity TOPO (lacking plsphonate impurities) the
synthesis of CdSe NCs could be modified such that the resulting NCs were passivized with PPA (as
demonstrated by solubility characteristics). The PPA molecule is approximately 0.6 nm in size and
contains a conjugated phenyl groupvith delocalized sp-hybridized electrons. By virtue of its size
and electronic structure the PPA molecule is expected to offer enhanced electronic coupling
between the CdSe NC core and the surrounding environment compared to a larger, insulating,
TOPO rolecule.

The solubility characteristics of PPAcapped CdSe NCs provide evidence that the NC surface
is dominated by PPA molecules and does not contain a substantial quantity of TOPO molecules. The
presence of the phenyl group on the PPA molecule leadsgood NC solubility in aromatic solvents
such as benzene, chlorobenzene, and toluene. This is the result of favorabla electronic
interactions between the solvent and ligand molecules Unlike TOP@apped CdSe NCs, PRapped

NCs are not soluble in alid chain type solvents such as hexane and octane. A TEM image of 4.6 nm
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diameter CdSePPA particles and a corresponding absorption spectrum (in chlorobenzene) is seen

in Figure6.2a andFigure6.2b respectively.
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Figure 6.2: (a) TEM image of drop -cast film of CdSePPA NCs, and (b) absorption spectrum of same
particles in a solution of chlorobenzene.

The assynthesized particles can be deposited from a toluene solution using EPD (500 V
bias at 2 cm electrode separation) and form a thick, dense NC filmlpron the positive electrode.
Figure6.3 shows a typical EPD film composed of Cd$A NCs. Unlike TOREpped CdSe NCs it
is apparent that the cracks in the CdSBPA EPD film are relatively straight. This result indicates
that the film has lower toughness than a similar film comprised of CASBOPO and is consistent
with greater van der Waals bonding between TOPO ligands compared to PPA ligand&/hen

chloroform is added to the toluene (~10 vol. %), it is found that an EPD film forms on the negative

electrode and is of low quality.
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Figure 6.3: EPD film (positive electrode ) of phenylphosphonic acid terminated CdSe NCs deposited
from toluene . Scale bar is 100{ m wide .

6.2.2 Naphthoic Acid Terminated PbS NCs

Using techniques described inSection 2.3.2 naphthoic acid (NA Figure6.1b) terminated
PbS NCs were synthesizedUnlike traditional synthetic routes utilizing oleic acid, we showed that
NA can be used to complex the lead (ll) cation in a high boiliggpint aromatic solvent
(dibenzylether) and subsequently reacted with a sulfur precursor (trimethylsiloxane-sulfide) to
yield PbSNA NCs. As confirmed by TEM Figure6.4a) and NIR absorption measurements carried
out in toluene (Figure6.4b), these PbSNA NCs are estimated to have a diameter of approximately
2 nm. PbSNA NCs are highly soluble in aromatic solventsut are not soluble in alkyl chaintype
solvents; indicating aNC surface dominated by conjugated NA ligand8.O1T A£A OO @oupgix AT 8 O
the Department of Chemistry atColumbia University has shown that CAS&A NCs can be
synthesized andexhibit interesting electronic and optical characteristics attributed to the small

conjugated structure of the naphthoic acid liganck3
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Figure 6.4: (a) TEM image of naphthoic acid terminated PbS NCs, and (b) absorption spectrum of the

same particles in a toluene solution (black), and of an EPD film (positive electrode) deposited on an
ITO substrate (red).

PbSNA NCs, shown irFigure6.4, can be deposid from hexane using EPD to form thick
films on only the negativeelectrode. EPD was carried out at 200 V with an electrode separation of 2
cm. The resulting EPD film can be deposited in excess of rh thick and fractures upon drying
(Figure 6.5). Similar to the results obtained for CAS®PA, the fracture pattern seen ifrigure 6.5 is
dominated by relatively straight cracks, suggesting the PBSA film is relatively brittle. The
absorption profile of an EPD Pb®IA film deposited on an ITO substrateRigure6.4b) shows that
the first excitonic absorption peakof the film is at the same wavelengthas the same particles in
solution, indicating that EPD does not lead to sintering of PBSA particles and that quantum

confinement is maintained.

Figure 6.5: EPD film (positive electrode ) of naphthoic acid -terminated PbS NCs. Scale bar is 200e m wide.
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The ability of PbS NCs to absorb in the NIR portion of the solar spectrum would make them
an attractive sensitizing agent for PV devices; increasing the NIR absorption increasing PV
efficiency. Additionally, the conjugated structure of the NA molecule Bxpected to offer superior
charge transports between the PbS core and the surrounding environment compared to alkyl
chain-type ligands such as TOPO Together CdS®PA and Pb&NA NCs of various sizes could be
used to absorb over virtually the full range of the visible (CdSe) and ne#iR (PbS) solar spectrum
and could therefore be combined in a PV device to yield efficient brodzhnd performance. The
ability to deposit both CdSePPA and PbSNA NCsusing EPD is also important and could enable

selective deposition of NCs on PV device substrates (this concept is explored later in this chapter).

6.2.3 Chloride -terminated CdSe NCs

Recently the Owen group develped a technique for the synthesis of CdSe NCs with chloride
ligands (CdSeCl)240 As shown in Figure 6.6 the surface of these NCs is primarily chloride
terminated, but may have small quantities of phosphine or amine ligands as weln this study only
phosphine-type CdSeCl NCs were investigatedThe resulting CdSeCl NCs are highly monodisperse
(Figure 6.6¢) and showclear signs ofquantum confinement24° In addition to the small size of the
chloride ligand, which is expected to facilitate efficient charge transfer, the chloride ligands greatly
increase the solubility of CdS&Cl in polar solvents such as dimethylsulfoxide (DMSO) and

acetonitrile (ACN).
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Figure 6.6: Depiction of surface species present on chloride -terminated CdSe NCs synthesized using
(@) phosphine precursor, (b) amine precur sor, and (c) TEM image of chloride/phosphine -
terminated CdSe NCs. Figures reproduced from Ref. 240.

CdSeCl NCswith a diameter of approximately 3.4 nm wereprepared by the Owen group
using a phosphine precursor ligandand were deposited using EPD. Several deposition solvents
were tested as well a variety of deposition conditions. Solvents investigated included toluene,
chloroform, dimethylsulfoxide (DMSO), and acetonitrile (ACN). Deposition voltages of betweerz 2
200 V were applied between ITO electrodes positioned 1 cm apart. € solvents investigated,
EPD of CdS€Il NCs occurreconly in ACN and DMSO. EPD in ACN was possiimdy at 2 V and
occurred only on the negative electrode, indicating that deposition may occur via electrochemical
reduction of the chloride counterion. At deposition voltages above 2 V in ACN the deposition
current increased rapidly which may indicate electrochemical degradation of the deposition solvent.
In contrast, in DMSO a higher deposition voltage of 100200 V was necessary to accomplish EPD,
also leading to depositiononly on the negative ITO electrodeFigure 6.7 shows an EPD CdSElI NC

film deposited on the negative electrode from an ACN solution.
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Figure 6.7: EPD film of phosphine -type chloride -termin ated CdSe NCs deposited on ITO substrate
(negative electrode). Scale bar is 100 £ m wide.

6.3 Using Patterned Electrodes for Spatially -selective EPD

In the preceding sections we explored the use of EPD to deposit NCs with a variety of novel
ligands that are expected to offer enhanced charge transfer with the NC core. If NCs of this type are
to be used in devices it will likely be necessary to contrahe physical location of the EPD film with
a high degree of precision. Previous work has shown that utilizing patterned electrodes it is
possible to achieve spatially selective deposition d€dSe NCs using EPB.In this section we will
present results of selectiveEPD ofCdSeNGs on patterned electrodes of variousgeometries with
micron-scale dimensions.

In addition to offering spatial selectivity, a hypothesis explored in this section is that
fracture may be avoidable if the lateral (inplane) dimension of the EPD NC film is sufficiently small
that the EPD film carrelax without stress levels exceeding the fracte strength of the dry NC film
(this approach is in contrast to the results of Chapter 3 and Chapter 4 in which fracture of EPD NC
films was suppressed by infusion of ligands and monomers to relieve strain)This hypothesis is
supported by the observation that when an untreated, planar, EPD CdSe NC film undergoes fracture,
the resulting islands of uncracked material are frequently of approximately the same size (area).

This observation suggests that at a c&in lateral scale, the traction forces exerted by the substrate
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do not have sufficient distance to develop stresses exceeditige fracture strength (As) of the dry NC
film (see Chapter 3 for discussion ofy).

In order to investigate EPD NC film fracture on substrates of limited iplane dimension,
standard electron-beam lithography techniques were usedsee Section 2.6.2 to generate micron
scale patterned gold electrodes on a Si wafer with a 500 nm thick theral oxide layer. The
patterned electrodes consisted of interconnected regions of Au on the insulating oxide substrate.
Wire-bonding techniques were used to make electrical contact to the interconnected (patterned)
electrodes. Using an unpatterned, planaiu counter-electrode (3 mm electrode separation), EPD of
3.5 nm diameter TOP@apped CdSe NCs in hexane was carried out at 500 V until a film in excess of
the critical fracture thickness (~ 600 nm) was deposited on theboth the patterned electrode
(negative) and planar counter electrode (positive) Of interest in each experiment was the
dimension of thepatterned electrode (in the confineddimension) at which cracks perpendicular to
the confined dimension are not observed; corresponding to relaxation ohe film in the confined
dimension. Figure6.8 and Figure6.9 show optical micrographs of EPD of CdSe NCs on patterned
Au electrodes. In these micrgraphs the red/orange regions are comprised on CdSe NCs overlying
the Au electrode, while the lighter (purple/blue) regions are the underlying oxide layer of the wafer.

In order to determine at what length scale fracture of the EPD NC film was suppressede
set of experiments was carried out in which EPDf CdSe NCs was carried out on patternedicron-
scale electrodes consisting of interdigitating triangles (technically trapezoids). Figure 6.8a and
Figure 6.8b show optical micrographs of EPD CdSe NC films deposited on approaiely triangular
Au electrodes that are700 em tall and have based400 em wide and 50 em wide respectively. The
light regions between the red CdSe NC films are the exposed SsObstrate. The arrows in Figure

6.8a indicate the position along the triangle length at which cracking perpendicular to the triangle
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base is suppressed, corresponding to relaxation of the EPD NC film in the narrow dimensiortef
triangular electrode. It is apparent that at approximately half the triangle height, corresponding to
a width of approximately 50 em, cracking in Figure 6.8a is suppressednormal to the narrow
dimension. Figure 6.8b provides slightly higher resolution and shows that cracking in the narrow
dimension of the EPD NC film is suppressed when the dimension of the film is approximately &3

or less.
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Figure 6.8: EPD CdSe NC (3.8 nm diameter) films deposited on patterned Au (negative electrode)

located on SiO: substrate: (a) triangles 100 e&m wide at the base and 700 em tall (b) triangles 50 em

wide at the base and 700 em tall. Light -colored regions between Au electrodes (over coated with

CdSe NCs) are exposedsiO; 50 em wide and 25 e m wide in (a) and (b) respectively. The lower right

corner of (a) shows contact point of wire -bond pad used to make electrica | contact with the

patterned electrode.

Figure 6.9a-b shows the result of confining the lateral dimension of an EPD NC film in two

dimensions simultaneously by depositing on interconnected circular and square Au (negative)
electrodes. From Figure 6.9a it is apparent that cracking is fully suppressed for circular electrodes

30 mm or less in diameter. Figure 6.9b shows that, for square electrodes, fracture of the EPD NC
film can occur when the squardilm is 30 mm on a side, but is fully suppressed for square films 20

mm or less in dimension. This agrees witligure 6.9¢c that shows cracking ofa EPD CdSe NC film
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on interconnected, concentricring-shapedAu electrodesis suppressed in the confined dimension

(radial direction) when the width of the ring-shaped electrode is 20nm or less.

Figure 6.9: EPD films of CdSe NCs on negative electrode comprised of (a) interconnected circular Au
pads with diameters of 10 em, 20 em, and 30 em, (b) square pads with widths of 10 em, 20em, and
30 em, and (c) interconnected rings with widths of 10 em (inner), 15 e¢m, 20em, 25em, and 30 em
(outer).

The observation thatcracking is completely suppressed in EPD NC films that are confined in
two dimensions (of sufficiently small size) is not surprising given that the irplane stress (and

strain) of the film is a function of two orthogonal inplane stresses ¢ x andsy). Byreducing stress

and strain in both dimensions simultaneously we have shown that it is possible to avoid fracture in
EPD NC films, even when the films are above the critical thickness for fracture of a macroscopic film

(see Section 3.4).

6.4 Application of EPD on Patterned Electrodes for the Fabrication of
NGsensitized Photovoltaic Devices

Unlike bottom-up solution-phase particle synthesis, lithography can be used as a topwn
technique to generate interesting nanoscale interfaces with precise spatial locatio In this section
we explore the use of lithographicallydefined interdigitating electrodes(IDEs) used in conjunction
with EPD to create heterojunctions between dissimilar NCs, with potential application for

photovoltaic (PV) applications.
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The IDEdevice architecture is unique in that locates both cathode and anode electrodes on
the same substrate, and produces current as a result of lateral {plane) charge separatiomat the
donor-acceptor interface PV devices based on the IDE architecture can labficated from a variety
of low-cost and potentially flexible substrates, reducing the cost of the final deviéé. In contrast,
traditional PV devices utilize planardonor-acceptor interfacesand rely on outof-plane charge
separation. To achieve illumination of the full active area(and to attain high efficiency) these
traditional planar PV devices require one electrode (typically the anode) to be a transparent
conductor such as indiumtin oxide (ITO. Traditionally the transparent conducting electrode is a
major cost in PV device fabricatiori4!

Previous work has shown that lithographicaly defined, interdigitated electrode (IDE)
architectures, can be used to achieve spatially sekéve electroplating of 1l-VI semiconductors and
generate useful PV device®? Alternatively it is also possible to yield PV devices by application of
planar organic films over micronscale patterned electrode$43.244 In this section we show that EPD
offers the unique capability to selectively functionalize a single set of IDE electrodes with inorganic
NCs. The functionalized electrode array camén be over coated with a complmentary material to

yield a planar film comprised of lderal donor-acceptor interfaces.

Ml

Figure 6.10: Interdigitated gold electrodes with common bus -bar connecting alternating electrodes.
The common bus-bar connecting the other set of alternating electrodes is not shown. Scale bar is
100 em wide.
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As seen inFigure 6.10, an array of interdigitating gold electrodes was fabricated using
standard PMMA/e-beam lithography techniques (seeSection2.6.2for details). Adjacent electrodes
are electrically isolated, while every other electrode is electrically connected to a commdous bar.
An electrode of this type can be configured in several ways that allow selective EPD of NCs onto a
OET ¢CI A OAO T &2/ Al OAOT AGET ¢ A1 AAOOT AAOS yr 1T TA O
AT 1T ZECOOAOET T 6h A bl OAkihgleEdt lof elEc@odes Bl laGdpArateAfladar A AT A
electrode held parallel at a fixed distancdl cm away. In accordance with the mechanism of EPD,
NCs with a nonzero zeta potential will move to a single set of (alternating) electrodes under the
influence of the electric field. When utilized in this manner, deposition is expected to occur
predominantly on the electrode surface facing away from the substrate (and toward the opposing
planar electrode).Figure 6.11 shows a film of ZnO NCgprepared according to techniques describe
in Section 2.4 deposited on a single set of (negative) IDE electrodesilizing EPD inthe opposing
electrode configuration. Deposition was carried out at 20 V in DMSO for 3 minutes with the planar

(positive) electrode held parallel and 1 cm apart from the IDE substrate.No deposition was

observed on the planar, positive electrode.

Figure 6.11: (a) An optical micrograph and (b) SEM image of ZnO NCs deposited using EPD on . o
alternating Au electrodes using an opposing -electrode configuration. O! & %l AAOOT AAd AAT T OAC
floating set of electrodes. Electrode widths are 5 ¢m.
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As described in Section 2.4these ZnO NCs were passivated widmmonium ions (Figure
6.1), which are small andcan be removed using chemical or thermal techniques. The ease with
which ammonium ligands can be removed from the NC surface is important and, in contrast to
traditional ligands such as tetramethylammonium, will facilitate sintering of the ZnO NC film into a
OAOI E6 #&£EI I xEEAE AiI Ol A T £2AO0 OODPAOEI O Al AAOOIT O
Alternatively, as shown inFigure 6.12, it is possible to apply a voltage between the two sets
of electrically isolated sets of electrodes on the same substrat&Vhile this technique has been used
before to deposit carbon nanotubes usinglielectrophoresis?45 to our knowledge this is the first
time it has been used to selectively functionalize an IDE PV device with inorganic NC3his
Al 1T ZECOOACEAEEDAAAARBIAODOOET T A 1 AAAOG 61 Al AAOOEA £E
of the electrode substrate and extend between adjacent electrode®/hen used in this manner EPD
is expected to result in NC films that deposit primarily on the electrode faces that are perpendicular

to the substrate and face the neighboring electrode. This result is confirmed by the SEM image

shown in Figure6.12.

Au Electrodes

- !
b

SIO substrate é
» {
¢

| SR B R G A S A L

15.0kV 5.9mm x20. Ok SE(V) 4/5/2012 08:44 2.00um

Figure 6.12: On-chip EPD of ZnO NCs on interdigitated Au electrodes. Right electrode was held at 7
75 mV while left electrode was held at + 75 mV. EPD was carried out for 3 minutes in a solution of
DMSO.
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Using the opposingelectrode configuration a simple PV device was fabricated by spin
casting a solution of pyridinecapped CdSe NCs over an array of interdigitated electrodes that had
been selectively deposited with ZnO NCs using EPD. A cresstion SEMmage of this structure is
seen inFigure 6.13. It is apparent fromFigure 6.13 that there is partial separation of the relatively

thin ZnO NC EPD film and the thicker ovdying CdSe NC film.

Au Electrode

SiO2 Substrate

*
ot

Figure 6.13: Cross-sectional SEM image of ZnO NC/CdSe Nahterface generated on an interdigitated
electrode substrate. Scale bar is 500 nm wide.

In this exploratory study this device did notexhibit true photovoltaic performance (i.e. did
not generatea voltagey! when exposed to simulated solar illumination. However, it di exhibit an
asymmetric |-V curve, suggesting the existence of a hetenoterface between adjacent electrodes.
Furthermore, under a forward-bias condition (ZnO N@Gdecorated surfaces held at negative
potential), there was an appreciable increase in photocuant suggesting that photegenerated

excitons are converted to electrical current.
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Figure 6.14: 1-V curve of ZnO NC/CdSe NC PV device fabricated from an interdigitated electrode array.

6.5 Conclusions

It is apparent from the above work that the surface modification of various NCs through
choice of ligand can be coupled with EPD from organic solvents to generate novel materials. These
materials, composed primarily of NCs, exhibit the optical propertiesonsistent with quantum
confinement of carriers within the NCs, and can be located precisely on a patterned conductive
substrate using EPD.Furthermore, patterning of EPD NC films using microiscale electrodes has
been shown to prevent NC film fracture ad may be a useful tool in the fabrication of deviceand
structures requiring spatially-complex and consisten NC functionalization By careful selection of
the NCligand, it is possible to increase the electronic coupling of the NCs with a surrounding
material, making these materials promising for use in a variety of applications such ahemical

sensing and PV deviceequiring exchange of energy with the NC phase.



Chapter 7z Summary and Future Directions 16¢€

73011 AU AT SEQADPOBAT O
7.1 Summary of Results

In this thesis we have explored techniquefor generating functional nanocrystal composites
using two-step backfilling methods and have studied the properties of the resulting nanomaterials.
By decoupling the placement of organic and inorganic (NC) phases we are able to utilize phase
specific (i.e. NC or organic) processing techniques such as electrophoretic depositi@PD) and
templated organic nanowire growth to generate novel nanostructures with potential applicatiorin
the fields of advancedptical coatings, chemical sensingand photovoltaics (PVs).

EPD of inorganic nanopatrticles has been extensively studied and has mes a scalable
technique for spatially selective deposition of inorganidNC films Hindering its implementation (to
date) has been the tendency of EPD NC films to fracture due to loss of deposition solvent when
dried and the resulting strain in the adheing NC film. The suppression of fracture in EPD N@fs
through backfilling with a complementary organic material is an important advancement to the
technique of NC EPD We have shown two promising strategies for suppression of fracture in EPD
NC films including addition of organic ligand molecules and the addition of polymeric precursor
materials to asdeposited films. In addition to proving highly effective at suppressing fracture,
these backfill methods offer the ability to create NC composites wih useful mechanical, optical,
and electronicproperties.

Backfill methods have also proven useful in creating photovoltaic nanocomposite materials
from organic nanowires. A novel synthetic route for the fabrication of dense, organic
semiconducting, PHT nanowire mats was demonstrated. These films of organic nanowires have
high surface area and a nanoscale morphology that makes them well suited éwcoration with NCs

to yield hybrid NC/organic bulk-heterojunction structures. We have shown that a nancomposite
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material with bulk -heterojunction architecture can be created byack-filling the exposed nanowire
mat with CdSe NCs to yield a photovoltaic material. The versatility of this method makes it
amenable to the use of many different types of NC armbuld provide a lowcost and scalable

method for the fabrication of hybrid PV devices.

7.2 Future Work

Despite the successful implementation of baekll methods presented in this thesis, here
remains substantial opportunity to improve upon these results through exploration of various
other combinations of organic and inorganic NC materials. Ompportunity lies in the prospect of
back-filling EPD NC filmswith conductive/semiconducting/photoconductive organic material to
create NCfilms with precise spatial resolutionand novel optoelectronic properties. Building on the
work presented in Chapter 5, we also see value in applying the method of baikng organic
nanowire films with a variety of inorganic NCs.In each case, the general methodsueloped in this
thesis are expected to be applicable to the realization of new nanocomposite materials with novel

properties.

7.2.1 Conductive Ligands for EPD NC Film Stabilization

Conductive (or more likely photo-conductive) ligands will be an important categry of
organic materials to investigate for their potential to suppress fracture in EPD NC films and lend the
film improved electronic properties. Naphthoic acid, the ligand uskin Chapter 6 to passivatdPbS
NCsrepresents one embodiment of thisconcept There are likely other ligands that combine a
binding head group such as a carboxylate groupcyano group,or phosphonate group with a
photoconductive, conjugated moiety Figure7.1 shows the structure on one such molecule: a

bis(styryl)benzenechain functionalized vith cyano groups on theentralbenzene unit. A molecule of
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this type has the desirable characteristicpassessing both electron withdrawing groups (cyano) and
electron donating groups (nitrogen), leading to a daweceptordonor structure that will reduce exciton
binding and provide both electron and hole conduction pathways through the pure orgamic Phas
particular molecule picture iRigure7.1 also has HOMO and LUMO levels appropriate to act as the
donor phase when blended with CdSe N@4%. Other ligands, such as oliggphenylene vinylene)247
5-(pyridin -3-ylethynyl)picolinic acid,248 and pentathiophene phosphonate?4® are just a few other
ligands tha are expected to bind to the surface of inorganic NCs and may provide both mechanical

stabilization and improved EPD NC film conductivity.

2

QQOQQ

O

Figure 7.1: Molecular structure of cyano -functionalized bis(styryl )benzene molecule. 246

7.2.2 Organic Semiconducting Polymers for EPD NC Film Stabilization

Building on the work discussed in Chapter 4, we believe there is an opportunity to stabilize
EPD NC films wh monomers that can be polymerized to form semiconducting polymer chainsA
variety of techniques have been reported for the grafting of conjugated organic molecules to
inorganic NCs in solution. Zhang et al. demonstrated the ability to graft polymers daring
conjugated Frehet-type polyether dendrons to the surface of CdS NCs in an aqgueous solution
(Figure7.2).2%0, while Skaff et al. used a Hedype coupling reaction to coat CdSe NCs with

poly(para-phenylene vinylene).251 Many other techniques for polymerization of conjugated
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polymers in the presenceof NCs exist and could potentially be utilized to enhance the properties of

EPD NC films through bacilling and subsequent polymerization.249

Figure 7.2: CdS NCs capped withFrechet-type polyether dendrons 249,250

In order for one of these techniques to be compatib with the backfilling methodology
explored in this thesis several criteria must be met:The polymeric precursor material (i.e.
monomer) must easily diffuse through the asleposited EPD NC film, and must therefore have good
miscibility with the NC ligand used during the EPD process. Additionally, the conditions of the
polymerization reaction (solvent, catalyst, and temperature) must not damage individual NCs or
dislodge the as deposited film. This will require a polymerization solvent that falls in spéic range
of NCl/ligand solubility such that it is wetting to the asdeposited EPD NC film but does not
solubilize the NCssulfficiently to dislodge or dissolve the film. The use of reactive polymerization
catalysts must also be useaonscientiously so as to avoid introduction of impurities that would

reduce the performance (optical, electronic, etc.) of the final nanocomposite material.

7.3 Alternative NCs for Back -filling of P3HT Nanowire Films
As discussed in Chapter 1 and again in Chapterigorganic NCs offer the ability to sensitize
a composite material to a broad portion of the electromagnetic spectruii$-116.252 By selection of an

appropriate NC type and size, the sensitivity of a nanocomposite PV material can be tunealsorb
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light in virtually all portions of the solar spectrum. ZnO, TiQ, and SnQ NCs (just to name a few)
absorb strongly in the UV portion of the solar spectrum. These materials are, in general, electron
conductors® and well-suited to the role of acceptofphase in a composite Pvhaterial. Other types
of NCs such a®bS, CdTe, and Bt may be used to sensitizein the NIR region of the solarspectrum
where conventional organic semiconductors cannot. Dictating the choice of NI be its bandgap
(i.e. absorption characteristics), and the relative position of the valence and conduction band8s
depicted in Figure7.3, the position of the valence and conduction bands in an IR absorbing NC can
cause it to behave as either an electron donor or acceptor. Since P3HT is kndw preferentially
conduct holes56 an acceptortype NC with good electron mobility is a good choice for a P3HT/NC
composite PV material. PbS8ICs with a vakence band at approximatelyz 4.9 eV and an effective
bandgap ranging from 0.6z 1.7 eV (107 2.5 nm respectively$2 meets these criteria and is a logical

choice for back filing of P3HT nanowires to yield an IRsensitized nanocomposite PV material.

Donor-type NC Acceptor-type NC
(hole-conductor) (electron-conductor)
-2.35eV
L. |
e —>
-4.65 eV
P3HT

Figure 7.3: Depiction of relative val ence and conduction band levels in IR -sensitizing NCs paired
with P3HT.

7.4 Concluding Remarks

The work in this thesis builds on the industrious efforts of the scientists who laid the
ground work for the field nanotechnology through the development of pioneering synthetic
techniques, innovative experimentation, and careful theoretical analysis Orte considered a

specialized field, nanotechnology has grown into an expansiveubject that attracts many of the
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undoubtedly shape the future of technology. If thishesis contributes in even the slightest way to

the field of nanotechnology it will have been a success
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