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Controlling the structural morphology of conjugated polymer/fullerene composites is an
important aspect in improving the performance of polymer solar cells. The efficiency of exciton
dissociation and carrier transport to the working electrodes are both a function of the size and
distribution of polymer and fullerene domains within the active layer. In the current solution
processing paradigm, these characteristics are intrinsically linked to the detailed process history
of the film. This fact compromises the promise of polymer solar cells as an inexpensive
renewable energy technology because performance gains made in the laboratory may not
translate well to scaled-up manufacturing processes. Aqueous dispersions of conjugated
polymer/fullerene nanoparticles have the potential to address this challenge. Similar to their thin-
film counterparts, the performance of photovoltaic devices derived from conjugated
polymer/fullerene composite nanoparticles (CNPs) is a function of the structural morphology
within each nanoparticle. However, unlike thin-film active layer produced from organic solvents,
the structure of CNPs is fixed during their formulation. Because of this fact, the structure can be
identified in the dispersed phase and tied, using single particle characterization, to its

photovoltaic performance before it is deposited into a device. Therefore, the optimization of



devices derived from CNPs can Dbe broken into two discrete problems: improving
the intrinsic properties of a nanoparticle as a function of how it is produced and optimizing

the extrinsic properties of devices through the deposition of optimized CNPs.
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Chapter 1: Introduction to Organic Photovoltaics

The development of an inexpensive, highly efficient means to convert solar energy into useful
work is of fundamental importance in developing renewable alternatives to energy derived from
fossil fuels. Other than geothermal, nuclear, and tidal energy, many of the most abundant,
renewable power sources under serious development today rely on transduction of solar radiation
to mechanical, electrical, or thermal energy. Photovoltaic devices, as their name implies, convert
solar radiation directly to electricity with no intermediate steps. To do so, they require no moving
parts, generate only heat as waste, and emit nothing except what is required for their production
in order to produce energy.* While the advantages of photovoltaic energy are manifold, there are
some significant drawbacks.” Traditional photovoltaics rely heavily on direct sunlight to function
efficiently; therefore, the amount of power derived from a solar installation will vary with
weather, time of day, and geospatial location.> Another challenge is that the cost to manufacture
photovoltaic panels is still relatively capital intensive. The total systems cost as well as poor
suitability for solar power delivered to electricity grids remain barriers to further adoption of

photovoltaic power as a primary renewable energy source around the world.*

Currently, these issues are an active area of research within the scientific community. Improved
electrical energy storage in the form of hydrogen production and better batteries has lessened the
effects of intermittent power supplied from solar panels to the grid. The promises of smart grid
technology will also make it possible to cope better with the intermittent power supplied by the
many renewable power sources currently under development.® The last few decades have seen
incremental reductions in the price of solar panels. This reduction has been driven primarily by
the active commercialization of mono- and multi- crystalline silicon solar panels, and thin-film

technologies like CdTe/CIGS as shown in Figure 1.1. Many manufacturers in the US, Canada,



China and Japan project increased capacity through the year 2014.° To date, module cost has
decreased linearly each year as the number of modules shipped has grown exponentially.
Currently, leading solar manufacturers sell their Si modules for $0.30-$0.70/W,, which on a
sunny day is priced competitively with the average price of electricity in the United States
($0.28-$0.60/W).” First Solar, a recently founded company that produces CdTe thin-film
photovoltaic modules is nearing the price point of Si modules at $0.70ANp.8 These factors
combined with federal government subsidy have made photovoltaic energy an option to both
individual consumers and large scale power utilities, particularly in regions of the United States
with the highest solar insolation.> World-wide adoption of solar energy is rapidly increasing with
both China and India recently renewing their commitments to expand their renewable energy

portfolio of solar and wind.
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Figure 1.1. Statistics from the Energy Information Administration on solar panel manufacture,
and module cost adjusted for inflation using CPI (2010). This figure shows the cost adjusted for
consumer price index (CPI) of solar modules per year (triangles), the total number of thin-film
(squares) and silicon (circles) modules shipped in the US per year, and the cumulative total of
both thin-film and silicon (black line).



In the US, as consumer education has increased as to both the financial and environmental
benefits of solar power, demand for photovoltaic modules will increase. In fact, in Hawaii,
subsidies encouraging investments in solar power have been so successful (10% of residences
have installed PV) that utilities are struggling to now balance supply with peak load demand. The
EIA projects that total power consumption in the United States will increase by ~15% over the
next 20 years, and the proportion of that power derived from solar energy is projected to nearly

double.’

The outlook for solar energy production in the United States and around the world is therefore a
positive one. As first generation PV technology looks toward the future, there are some
challenges on the horizon. In addition to efficiency, materials and manufacturing costs remain
the largest contribution to the cost of solar power.® Issues including the cost required to produce
highly pure c-Si wafers, concerns about sustainability of the supply chain for tellurium, and
concerns about disposal of cadmium remain some of the ongoing uncertainties for state of the art
PV technology. Also, the increasingly high capital investment required for large scale
manufacturing has made further investment in manufacturing facilities relatively uncertain.'
Ultimately, the most promising photovoltaic technologies for delivering terawatt scale module
production are those that are derived from earth abundant materials that can be produced using

scalable, low-cost processing techniques without the use of toxic materials.™
1.1 Place for OPV: Market potential

Organic photovoltaics (OPV), namely solar cells derived primarily from materials containing C,
H, N, S, and O, are widely viewed as a technology with potential to simultaneously meet the
need for terawatt scale PV module production at a low cost.**** OPVs are derived from small

molecule and polymer semiconductors with conjugated backbones, which afford the material
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semiconducting properties. These materials that are now widely exploited in electronics,
including organic light emitting diodes (OLEDs) and organic field effect transistors (OFETYS).
Some of these technologies are now reaching commercial relevance.* The low-temperature
solution processability of these materials enables thin-film roll-to-roll manufacturing techniques,
which substantially reduce the cost of large-scale module production.® It also opens the
possibility for these materials to be coated directly onto plastic substrates so modules can be
produced with flexible form factors relatively inexpensively.'® Another significant advantage is
that due to the organic components used in the production of these semiconductors, no mining is
necessary for their production. The combination of low-temperature processing, low-cost,
scalable manufacturing with abundant, recyclable materials makes solar cells derived from
organic semiconductors an area worthy of further research for the next generation of high
efficiency photovoltaic modules. While OPV technology is promising from a manufacturing
perspective, the last three decades have seen only incremental improvement in performance.*’
In 2013, the record for lab scale polymer solar cells reached ~9% by Solarmer, a leading
manufacturer of polymer solar cells (PSCs).?° Significant improvement in performance is still
needed in order for OPV technology to be perceived as a credible competitor with c-Si PV or
other inorganic thin-film PV. Greater mechanical compliance, improved thermal stability, and a
further reduction in the balance of system costs for the production of modules are also still

necessary.'#

While terawatt scale energy production is the highest goal driving OPV development, there are
applications where their low-cost and flexible form factors make OPV particularly attractive.
These niches require photovoltaic modules that can generate sufficient amounts of electricity

(0.05-5 W) to power electronic components or charge a battery without adding to the weight or



complexity of a product. A good example of this application is the incorporation of solar
modules directly into fabrics.?>?* In this implementation, it is envisioned that OPV could be
incorporated onto commercial products like clothing or tents and act as both a power source and
the coloring agent/dye.??> Another implementation is integration of solar modules onto structural
components of autonomous vehicles. In these applications, solar power coatings can harvest
enough solar energy to power sensors and other electronic components without the need for
integrated electrical wiring. This reduces the overall weight of the vehicle, increasing its
longevity and reducing fuel costs. For both commercial and niche applications to be realized
module efficiencies ranging from 5-10% must be achieved.” In order to do so, a greater
understanding of the photovoltaic process in OPVs and new manufacturing techniques that can
control the morphological characteristics of the active layer are needed so that higher efficiencies

can be achieved regardless of the coating operation.

1.2 Photophysics of OPV:

The generation of current in an organic photovoltaic device is a result of a cascade of processes
that begins with the absorption of a photon and ends with the extraction of charges at external
electrodes where the current can be used to do useful work. A step-by-step schematic of this
process is shown in Figure 1.2 and the bullets i-iii. summarize the sequence of events that must

occur in order to generate current.?*%’

i. Absorption of a photon generates an exciton.
ii. Diffusion and dissociation of the exciton to an interface.

iii. Transport of free carriers out of the film.
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Figure 1.2. Simple bilayer concept demonstrating exciton generation, dissociation and free
carrier transport through the bulk donor/acceptor domains within the device. The energy diagram
at right shows the energy cascade of electron and hole transport through the bulk domains of an
organic semiconductor.

Breaking this process down begins with the electromagnetic radiation (be it from the sun or
another external light source) transmits through an electrode, illuminating the active layer (the
layer that contains the organic semiconductors). In the manifestation in Figure 1.2, the active
layer is comprised of a donor and acceptor species sandwiched between two working electrodes,
one cathode and one anode, which are connected to an external circuit. Each photon absorbed
within the active layer by either the donor or acceptor generates an exciton, a strongly coupled
charge state consisting of an electron and hole. In order to dissociate this electron-hole pair, the
binding energy of the exciton must be overcome. For an isolated semiconductor at room
temperature, the exciton binding energy is many times KT and therefore, very few excitons
intrinsically dissociate into free carriers. Therefore, a second semiconductor with a sufficient
offset in its lowest unoccupied molecular orbital (LUMO) is required for spontaneous
dissociation of the exciton. If the diffusional time scale of the exciton brings it to a

donor/acceptor interface within its lifetime, the exciton dissociates and the donor will become



hole-rich and the acceptor electron-rich. If not, the exciton will recombine. This adds a constraint
on the design of OPVs that the farthest distance to an interface in a device must be ~20 nm, as
excitons can typically only diffuse ~10 nm.?® The next fundamental process is the transport of
free carriers through the bulk semiconducting domains of the thin-film. The hole mobility of the
donor domains and electron mobility of the acceptor domains must be sufficiently high such that
transport through them is faster than the rate of geminate recombination (charge carriers that
recombine back across the donor/acceptor interface).?® Therefore the active layer must consist of

not only high mobility, but direct charge transport pathways to the electrodes.

<10 nm

|e >100nm —>|

Figure 1.3. Schematic of a hypothetical ordered heterojunction structure. The ordered
heterojunction concept requires the film be thick enough that it absorbs all of the incident
radiation, but with domains sufficiently small and interconnect that all the excitons generated are
able reach an interface, dissociate, and the resulting free carriers transported to the external
electrodes.

Finally, at this stage the free carriers can exit the device, transit an external circuit and do useful
work. Based on these design criteria, the ordered heterojunction concept shown schematically in
Figure 1.3 has been proposed as a potentially ideal morphology for the thin-film active layer of

an OPV. This hypothetical structure ensures high internal quantum efficiency by maximizing the



donor/acceptor interface, minimizing the domain size, and maintaining interconnected high

mobility pathways for carrier transport.?®
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Figure 1.4. Schematic of thin-film composite active layer of OPV solar cell and its fundamental
components.

The ordered heterojunction concept, while a useful conceptual model, fails to adequately
describe the actual morphology observed in OPV devices.* The most efficient OPV
technologies are based on polymer solar cells (PSC) where the active layer is a composite of a
conjugated polymer and fullerene derivative. Fullerene derivatives are n-type semiconductors
synthesized from natural forms of carbon (Cgo/Cro). These are used typically in conjunction with
p-type conjugated polymers in PSCs owing to their solution processability, high electron
mobility, and fast carrier dynamics. In polymer/fullerene OPVs, the active layer is a composite
film that contains a mixture of many distinct phases including regions of disordered polymer
containing dilute molecularly dispersed fullerene, a polymer crystalline phase that excludes
fullerene, and potentially even a fullerene rich phase that excludes polymer or is comprised of
crystalline fullerene. From a morphological standpoint, the efficiency of a PSC is therefore a
function of the relative concentration, orientation and distribution of these domains within the

film.



1.3 Agueous Dispersions of Composite Conjugated Polymer/Fullerene Nanoparticles:

Herein is the challenge for polymer/fullerene composites to realizing commercial relevance:
morphological control must be a robust, scalable process that can achieve optimum performance
for a set of materials. In the current paradigm of PSC processing, there are a large number of
factors that can influence the morphological characteristics of the polymer/fullerene composite.
Many of these include solvent choice, coating method, drying time, annealing conditions,
material solubility, substrate choice, blend ratio, device geometry, and have been enumerated in
a great number of individual investigations within the literature. This work has established strong
process-function relationships between the electronic properties of a PSC and how it was
processed as shown in Figure 1.5. However, what is missing is a more detailed understanding of
the structure-function relationships: the connection between the optimum distribution,
concentration and orientation of domains within the composite and the best performance. The
fact that these relationships do not exist compromises the promise of PSC as a viable commercial
technology as the processes recipe that determines the best performance on a laboratory scales
(i.e. using spin-coating) will not necessarily translate to an industrial scale (i.e. using roll-to-roll
coating) where factors like drying time and substrate choice may be significantly different.
Without the deeper understanding about the structural characteristics that lead to a given
performance metric, little scientific insight from the laboratory scale can adapted to guide the

design.



Composite Preparation Thin-Film
Characterization

Precu_rsor N
Solution
Surface
Coating Properties
Process
Process

At

Process-Function
Relationships

Figure 1.5. Schematic for the current paradigm of solution phase processing.

An alternative approach to address this issue is to fabricate sub-micron-sized composite
nanoparticles that have been previously engineered for optimum performance based on their
internal structure and composition as depicted in Figure 1.6. This concept stems from the
investigation of conjugated polymer nanoparticles dispersions applied to PSC applications.® 3
Initial studies incorporated physical mixtures of conjugated polymer nanoparticles into thin-films
PSCs.** This was motivated by the hypothesis that the finite size of these nanoparticles would
constrain the degree of phase segregation in all-conjugated polymer solar cells, resulting in
smaller more intimately mixed domains than if the materials were processed from a common
solvent. However, devices made in this fashion showed only modest performance compared to
their solution processed counterparts.®*>*® Additionally, this work showed that thermal annealing

eliminates the benefit of using the nanoparticle approach with respect to domain size as the

degree of phase-segregation was independent of the whether the films were processed from
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solution or from the nanoparticles. Renewed interest in nanoparticles for PSC has arisen recently.
Specifically, driven by the realization that a superior strategy to creating PSCs derived from
aqueous dispersions of polymer nanoparticles is to create composite nanoparticles (CNPs) that
incorporate both the conjugated polymer and a fullerene derivative into a single nanoparticle.®
This was originally motivated by the hope that this strategy would afford superior domain-size

control and the benefits of aqueous processing as compared to the evaporation of organic

solvents.
Precursor
Solution
Intrinsic Internal
H Structure
propertles Dispersion
Preparation
_ _
Packing
Extrinsic DEn=ITy
properties ptimized
Dispersion

Figure 1.6. Schematic for nanoparticle characterization separating the intrinsic elements of
nanoparticle formulation from the extrinsic elements of device fabrication.

When we started investigating this problem, we became interested in a relatively simple idea that
these nanoparticles could enable. This idea is outlined schematically in Figure 1.6. By creating a
composite nanoparticle dispersion, the structural morphology of the components within each

nanoparticle are fixed when the particle solidifies during formulation and therefore are

11



independent of the process by which the particles are deposited into a thin-film. It is therefore
possible to view each nanoparticle as a working micro-solar cell, and the challenge of making
PSC from these micro-solar cells can be broken up into a two-step process. First interrogate the
intrinsic properties of the nanoparticles with respect to their morphology, composition, and
optical properties, and relate these factors to the intrinsic performance of each nanoparticle. The
size of the particle, its composition (e.g. ratio of P3HT to PCBM), its specific morphology, and
the crystallinity of each component all influence carrier generation and transport of out of the
particle. Second optimize the extrinsic properties of the device. Extrinsic effects are those that
cannot be directly related to the individual particles, such as the distribution and density of
nanoparticles deposited within the active layer, the nature/effectiveness of the contact area
between particles and the electrode, or even if the coating process results in monolayers or
multilayers of particles. These effects will also have direct relation to the final device efficiency
but they are separable from intrinsic effects and presumably they should be optimized separately
from the nanoparticle. This thesis outlines nanoparticle formulation strategies in Chapter 2 and
discusses the intrinsic nanoparticle properties in Chapter 6 and how they are related to intrinsic
nanoparticle performance in Chapter 7. Chapter 8 details our work in developing new coating
techniques which will fully exploit the characteristics of our optimized formulations to produce

high quality thin-films from these nanoparticles.
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Chapter 2. Formulation of Composite Nanoparticles

Many techniques have been developed to formulate water insoluble materials into nanoparticle
dispersions. These include 1.) the transfer of a solution of hydrophobic materials of interest into
a miscible, poor solvent while mixing (i.e. crashing out), 2.) direct miniemulsion synthesis using
surfactant micelles, and 3.) bulk emulsification of the material solubilized in a suitable, volatile
oil and subsequent oil removal.* For the formulation of conjugated polymer/fullerene CNPs, bulk
emulsification is the preferred route because of its flexibility, simplicity and precise control over
the composition internal to the nanoparticle.>® Unfortunately, while considerable control over the
particle’s composition is possible, unlike other production strategies the size and distribution of

components within the nanoparticle is somewhat challenging to tune and control.

2.1 Formulation and Characterization of CNPs Produced using Bulk Emulsification Techniques

The preparation of conjugated polymer nanoparticles dispersed in water is described elsewhere,
but in brief, the water-insoluble materials are dissolved in a common, volatile solvent.* This
solution is then emulsified in water containing surfactant. The resulting emulsion is then placed
under vacuum and the volatile oil removed resulting in stable nanoparticles containing the water-
insoluble components. The average size of a nanoparticle is a direct function of the size and
distribution of emulsion droplets produced. For solar cell applications, it is highly desirable to
produce nanoparticles with radii ranging from 20-250 nm (the blue region in Figure 2.1).
Depending on the desired diameter of the dispersed phase, the appropriate emulsification
technique must be chosen. A simple design rule for the size of a nanoparticle resulting from a
given oil droplet uses the volume fraction, ¢, of the soluble organic component contained within

the oil droplet as shown in Equation 2.1.°

21 Dgp =D, ¢"°

emul
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This simple model assumes that there is no exchange of soluble materials between emulsion
droplets and there is little coalescence during the removal of the oil phase. In the production of
CNPs using bulk emulsification, surfactant is used to maintain oil droplet stability during the
emulsification step. Small molecule surfactants are ideal for this process because they have a
high diffusivity and large affinity for the oil-water interface. Therefore, very small emulsion
droplets can be formed through high-shear mixing without significant coalescence or
flocculation. During the emulsification process the surfactant is present in excess, normally > 5 x
CMC. This excess surfactant serves two roles: 1) prevents coalescence of the oil droplets, and 2)
ensures all of the oil phase can be fully stabilized in the emulsion phase. Most conjugated
polymers and fullerenes are entirely insoluble in both the aqueous phase and surfactant micelles.
Therefore, bulk exchange of material from emulsion droplet to emulsion droplet is unlikely. The
implications of equation 2.1 are that nanoparticle size is very sensitive to the emulsion droplet
diameter and to the volume fraction of solids in the oil phase. This relationship is depicted in
Figure 2.1. The way this diagram should be read is to draw a vertical line up from the volume

fraction that the oil phase is at and then over to the left axis to determine the nanoparticle size.
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Figure 2.1. Process diagram for CNP formulation. Blue region represents desired diameter
range, green region the sizes accessible using high shear emulsification, and the pink region
represents the sizes accessible using droplet techniques.

We have explored a number of emulsification techniques which can be generally divided into
two categories. The first being bulk emulsions formed using droplet production techniques (i.e.
microfluidic flow-focusing and shear-induced droplet formation) (the pink region in Figure 2.1)
and the second, those formed as a result of high shear mixing (the green region in Figure 2.1).
Neither of these two classifications of methods is able to produce nanoparticles over the entire

desired size range, and there are a number of challenges associated with each method.

Droplet pinch-off methods to create oil-in-water emulsions are a common means to form
polymer latexes.® Microfluidic devices (T-junctions, core/sheath flows) can be used to create
monodisperse droplets of oil in a bulk water phase with very tight control of size.” The same can
also be accomplished using droplet break-off in a co-flowing stream.® Both methods rely on the
formation of a droplet at the outlet of an orifice which then grows and pinches off as a result of
the shear induced by the flow of water around the droplet. Because of this process, the ultimate
droplet diameter is constrained to about twice the orifice diameter. Therefore, it is difficult to
produce substantial quantities of emulsion droplets smaller than ~2 um. While in principle, 2 pm
oil droplets could access the nanoparticle size regime based on Equation 2.1, this requires very

low ¢s0iigs and therefore, the production rate is impractical for real applications.

High shear mixing techniques like ultrasonication, membrane extrusion, and impellor
emulsification all rely on the rapid break-up of bulk emulsions into micro- and nano-emulsion
droplets. In general, the greater the amount of power applied through the emulsification process,
the smaller the resulting oil droplets.>'® The added benefit of this emulsification technique is its

scalability. The accessible emulsion droplet size range for these techniques is typically less than
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~1000 nm. These emulsions, however, do not have a very controlled size distribution. Therefore,
the specific choice of emulsification technique is a balance between having control the
distribution of size of the nanoparticle formulation and the speed/quantities of materials that can

be made.
2.2. Ultrasonication: A Simple Means to Form Composite Nanoparticles

To test the design rule in Equation 2.1, regiorandom P3HT was used as a model polymer for the
production of conjugated polymer nanoparticles. Regiorandom P3HT (Rrand-P3HT) does not
crystallize and therefore, its spectroscopic signal can be related directly to its local environment.
Figure 2.2 shows the size of Rrand-P3HT nanoparticles produced by sonication Rrand-P3HT
dissolved in chloroform solutions in 40 mM SDS as a function of the volume fraction of Rrand-

P3HT dissolved in the chloroform phase measured using Dynamic Light Scattering (DLS).
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Figure 2.2. a.) Hydrodynamic diameter (Dy) of Rrand P3HT nanoparticles formed from
solutions of Rrand P3HT in Chloroform with varying volume fraction, b.) Average emulsion
droplet diameter formed as a function of sonication intensity as determined from DLS.

The average emulsion droplet size for the sonication intensities tested is shown in Figure 2.2.b.
As expected, for sonication intensity exceeding 30%, the nanoparticle size was reduced as the

intensity increased. At low sonication intensities, there was an unexpected decrease in emulsion
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droplet diameter. During the ultrasonication process, above 30% intensity, there is foaming
observed during the emulsification. Foaming of the emulsion results in a reduction of
emulsification efficiency, which explains how low sonication powers that do not cause foaming
could result in smaller oil droplets than those produced at high power where there is foaming.
Another important observation evident in Figure 2.2.a is the dependence of nanoparticle size on
volume fraction of Rrand-P3HT in the chloroform phase. It appears to be linear instead of
power-law as expected by Equation 2.1. The solids content of the chloroform phase affects the
average diameter of the emulsion droplets formed during sonication. Higher solids content
solutions produce larger emulsions droplets on average likely a result of increased viscosity of
the oil phase. Another important feature of the DLS results shows that larger particles have

proportionally broader distributions of overall size.
2.3 Spectroscopic Characterization of CNP Dispersions in Water

There are many fundamental aspects about the dispersion of semiconducting materials into
aqueous solution that are of practical interest to the utilization of these materials in organic
electronics. The local environment of the conjugated polymer in the dispersed state determines
the spectroscopic characteristics observed for the dispersions. Second, the presence of
oxygen/water or ionic surfactant could potentially lead to conjugated polymer degradation.
Therefore, study of these degradation mechanisms is important for PSC applications.’* To
address these issues, two model conjugated polymer dispersions have been produced. The
dispersions were made by emulsifying a 10 mg/mL solution of Rrand-P3HT in chloroform using
membrane extrusion (400 nm pore size) and ultrasonication (70% Intensity). Membrane
extrusion produces smaller nanoparticles with a more narrow size distribution as shown in figure

2.3.a.
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Figure 2.3. a.) DLS results from Rrand-P3HT dispersions produced using sonication (green) and
membrane extrusion (red), b.) UV-Vis and PL spectra for dispersions of Rrand-P3HT
nanoparticles made using sonication (green) and extrusion (red), 10 mg/mL solution of Rrand-
P3HT in chloroform (blue), and the absorption spectra for a Rrand-P3HT film spin-coated on
glass (black).

The UV-Visible absorption and photoluminescence spectra for both dispersions are shown in
Figure 2.3b along with that for Rrand-P3HT (blue line) in chloroform and spin-coated Rrand-
P3HT film (black line). The smaller dispersion shows a Agi=8 nm and the larger dispersion
shows Ashir=16 nm red-shift in the position of the peak max in the absorption spectra relative to
Rrand-P3HT dissolved in chloroform. The origin of this shift is likely due to interchain
interactions resulting in an increase in conjugation length. Interestingly, as the dispersion
diameter increases, it increasingly resembles a bulk Rrand-P3HT film as seen in Figure 2.3 a.
The photoluminescence spectra in Figure 2.3.b are measured for an excitation of A=450 nm.
There is indication of photoluminescence gquenching in the dispersion phases relative to the
soluble Rrand-P3HT. The ratio of PLa/AbSmax is 8 times smaller for the smaller diameter
dispersion compared with the PLya/Absmax for the larger dispersion, which was only 4 times
smaller. Therefore, the larger dispersion particle shows a smaller degree of photoluminescence

quenching. This could be a result a smaller fraction of the surface area of the particles being
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exposed to the oil/water interface, where the local dipole moment is significantly different from
“bulk” P3HT. Interestingly despite the larger red-shift present in the larger dispersion particles,
the position of the PLyax is the same as the smaller dispersion particles, A = 587 nm. The position
of the PLnax for the Rrand-P3HT/CHCI; solution is A = 550 nm, a total shift of 37 nm or ~0.142

eVv.

The dispersion particles are stabilized by a layer of SDS at the nanoparticle/aqueous interface.
Previous study of fluorescent materials shows that surfactants are extremely effective at
sequestering hydrophobic materials from water.**'®* This fact may explain the stability of
conjugated polymers dispersions in water. Based on the absorption spectra of Rrand-P3HT it is
clear that the material is not being specifically doped by the sulfates in the SDS or free
hydroxides within the water phase. Doping would appear as decrease in the main peak
absorbance for Rrand-P3HT and an increase in the absorbance in the near IR.* It is also possible
to see a blue-shift in the absorption spectra, which would imply photo-oxidative cleavage had
occurred.” Both of these scenarios would result in photoluminescence bleaching. Time studies
performed on the Rrand-P3HT dispersions monitored as a function of surfactant type and
concentration show no degradation over the course of several months. The final degradation
mechanism for these dispersions is the presence of molecular oxygen, which readily diffuses into
thin-films of conjugated polymers and induces localized trap states. These trap sites reduce the
charge carrier mobility of the polymer phase and are difficult to detect with UV-Visible
spectroscopy as their presence induces only small changes in the magnitude of the absorption

peak.
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Figure 2.4. P3HT/PCBM dispersions prepared with varying PSHT/PCBM Ratio.

Using bulk emulsification composite nanoparticles spanning the entire composition range from
pure PCBM to pure P3HT can be made with relatively uniform size. The corresponding UV-

Visible absorption spectra are shown in Figure 2.5a.
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Figure 2.5. a.) UV-Vis Spectra of SNP prepared with different P3HT/PCBM contents, and b.)
corresponding photoluminescence data.

A clear color shift is evident as the composition swings from pure P3HT to pure PCBM. The
UV-Visible spectra are normalized to concentration and clearly show changes consistent with
changing composition internal to the particles. There are also structural changes evident in the

degree of crystallinity observed in the P3HT phase of the particles indicated by the change in
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ratio between the UV-Visible absorption peak at 610 nm to that at 538 nm. From the
photoluminescence measurement, there is a clear shift in the peak position going from pure
P3HT to blended particles. The disappearance of the peak at 675 nm implies the PL quenching
typical of blends of P3HT/PCBM. An additional PL feature from PCBM is evident in all of the
samples below a composition ratio of 60-40 P3HT/PCBM. This indicates that the only
photoluminescent feature is originating from PCBM within the particle and intensity of this peak
roughly scales with the fullerene content within the particles. Interestingly, the 70-30 blend
sample shows a slight shift in the PL spectra. This new feature may derive from charge transfer

states generated within the volume of the particle.

Spectroscopy is therefore a useful tool to identify the appropriate blend composition for CNPs.
At the point where the PL is fully quenched from the polymer phase, all photons absorbed by the
polymer are converted to electron hole pairs. Within the internal domains of the particle
deposited into a thin-film for example, the resulting efficiency of charge transport will be a
function of the internal structure of these particles. In principle for large particles, the optical
cross-sections of the particles can be used to reconstruct the three-dimensional distribution of
material within the particle. However, this is requires accurate measurements for the indices of
refraction and absorption coefficients of the materials. While many measurements of these
values have been reported in the literature for blended P3HT/PCBM films, the translation of
thin-film absorption spectra to that of spherical colloid particles is non-trivial and requires

application of Mie theory.

Instead, we measured compositional maps using transmission electron microscopy (TEM) with
energy dispersive X-ray spectroscopy (EDS). EDS is an analytical technique that excites inner

shell electrons from a material leaving a hole that is filled with outer shell electrons. If the
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conditions are right, an X-ray will be ejected from the sample whose energy is directly related to
the difference in energy between the high-energy and the lower-energy shell electron. Figure 2.6
shows representative compositional maps for typical nanoparticle formulations of P3HT and

PCBM.

Carbon Oxygen Sulfur

Formulation 1

Formulation 2

Formulation 3

Figure 2.6. EDS TEM images of carbon, oxygen, sulfur maps for particles as a function of
composition.

From the micrographs, it is possible to confirm the composition of the particles based on the
clear presence of sulfur, oxygen and carbon. Because P3HT contains sulfur and PCBM contains
oxygen, it is in principle possible to differentiate P3HT and PCBM rich domains. However, there
are several challenges with this approach. First, these composition maps are constructed by
taking a spectrum at each pixel position within the particle. At each pixel position a narrow
electron beam, diameter of ~1 nm, illuminates the sample for a specified period of time. As
electrons propagate into the sample, this beam broadens as a result of collisions within the
material. From these collisions, the EDS spectrum is obtained and mapped to the pixel position
as shown in Figure 2.7a. The spectrum obtained from given pixel position will be a complex

function of the thickness of the sample at that point and its composition. Monte Carlo simulation
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techniques are necessary to quantitatively link the maps measured using EDS to the radial
distribution of elements within the nanoparticles.*® Nonetheless, radial averages can be made and
these are shown for a representative particle in Figure 2.7b. Based on the radial average there
does appear to be systematic changes in the ratio of the sulfur and oxygen contents to the carbon
content. This suggests that the particles are not uniform spheres with an even distribution of
P3HT and PCBM. Because, these maps are a projection of a three dimensional object onto a two-
dimensional plane, the distributions plotted in Figure 2.7b cannot be used to reconstruct the

radial compositional profiles without more advanced modeling.
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Figure 2.7. a.) EDS Spectra Schematic, and b.) representative EDS spectra radially binned a
function of composite for a Pregel Latex particle image.
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Other limitations of this technique include that it is destructive and very low throughput.
Therefore, it takes a very long time to obtain representative spectra for a given sample. This
limits the ability to rationally design the structure of the composite nanoparticles for device

applications.
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Chapter 3. Scattering processes and their use in determination of nanoscale structure

In order to fully characterize the complex interplay between OPV performance and structural

morphology of an active layer, a great variety of experimental techniques are needed. >

=

Spectroscopic techniques — Lifetime of exciton and charge species

N

Scanning probe measurements — Local current density and topology

w

Electron Microscopy — projections of 3-D structures.

&

Macroscopic Electrical characterization — EQE/mobility

However, few of these techniques address directly what structural features within a composite
material are responsible for photocurrent generation. Scattering techniques have the power to
answer this question. In this thesis, scattering techniques are employed extensively to probe the
structural morphology of both thin-film and dispersed phase composites. Each material has its
own challenges from a data acquisition and analysis standpoint, but generally the goal is the
same: by characterizing the structural morphology of blended thin-films and composite
nanoparticles, we hope to gain insight into structure-function dependencies of the bulk
heterojunction devices. In this chapter, a brief review of the elastic scattering process is provided
and a number of useful terms and expression defined. These will be employed universally in later

chapters, and are introduced now for clarity.

3.1 Fundamentals of the Elastic Scattering Processes

Electromagnetic radiation propagates through space with oscillating, orthogonal magnetic and
electric fields. While relativistic particles like neutrons are not electromagnetic radiation, their
scattering phenomena can be described using similar physics. The magnitude of the electric field

can be expressed as |ki| = 2z/4, where 4 is the wavelength, where k denotes the wave-vector of
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incident radiation. When impinging on a sample of interest, the incident radiation induces in a
finite volume element, dV, within a material a resonant dipole moment that emits radiation in all
directions.” For elastic scattering processes, there is little energy transfer from the incident
radiation to the sample (E; = Es) and the fraction of scattered radiation is small relative to the
portion that transmits. Assuming elastic interactions, the magnitude of radiation wave vector
emanating from the sample is |ks|] = 2z/A. For scattering measurements it is typical to measure
the scattering intensity as a function of the scattering angle, 6, which is commonly expressed as
scattering vector, Q, as shown in Equation 3.1.

Az . (0
3.1 =k —k =—sin| =
REeThT (2)

Elastic scattering provides the basis for a number of experimental techniques including small
angle X-ray and neutron scattering (SAXS/SANS), X-ray Diffraction (XRD), and grazing

incidence small angle neutron and X-ray scattering (GISANS/GISAXS).%’

In order to understand how a scattering experiment is carried out, consider two differential
volume elements within a sample. Under the influence of an oscillating electric field, both
elements will emit radiation in all directions. One is centered at the origin, O, and another at a
distance, |r|, as shown in Figure 3.1. The scattered intensity, I, is measured as a function of
angle on a detector at a distance R from the sample, where 15(Q,t) = |E(Q,t)|%. Therefore 15(Q,t) is
defined as the squared amplitude of scattered radiation. The scattered waves produced from each
scattering element propagate with magnitude, ks, and due to the finite distance between elements,
are phase shifted by —Q - r radians. This leads to interference, which result in characteristic

fluctuations in scattered intensity measured at the detector as a function of scattering vector, Q.
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Figure 3.1. Schematic diagram of elastic scattering within a sample showing scattered vectors at
the origin, O, and a distance |r| by a volume element, dV. Scattered intensity is measured at a
detector distance R from the origin.

For structural interrogation, the time-averaged intensity is the Fourier transform of the combined
contributions from all of the isolated scattering elements with scattering length, b, (Equation 3.2)

within the sample.?

where b, (Q)=

S50 @n @en[-i0:(r, 1))
J K{M} exp(—iQ-r;)dv

There are two important implications of Equation 3.2 that arise as a result of scattering from

discrete domains contained within a medium:

(1) The scattering intensity is dependent on the magnitude of scattering lengths of the
scattering elements relative to the medium within which they are dispersed,
(2) The scattering intensity is dependent on the instantaneous distribution of these domains

within the sample.

These two implications demonstrate the power of a scattering experiment. By measuring the

scattering from a material, one obtains the scattered profile, 1(Q) versus Q, which corresponds
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directly to the spatial distribution of domains of varying scattering length density, SLD, within

the sample.>®
3.2 Transmission Scattering Measurements

Dilute liquid dispersions produce isotropic scattering as a result of their random Brownian
motion in solution. Therefore transmission SANS/SAXS, are the most common elastic scattering
techniques used to characterize their structure. In a transmission SANS or SAXS experiment, a
liquid sample is placed in a monochromatic neutron or X-ray beam that passes through the whole
liquid volume. Assuming no multiple scattering (i.e. each scattered photon or neutron only
interacts once with the sample), the transmission of the incident radiation through the sample is
high compared to the scattering intensity. The incident beam is blocked on the detector using a
beam stop of fixed diameter. Because the scattered intensity is several orders of magnitude lower
than the main beam intensity, a beam stop is necessary to protect the detector from saturation.
The accessible resolution of the experiment is determined by the size of the detector, sample-to-
detector distance, and beam stop diameter. The scattered radiation is collected for a fixed period
of time on a detector placed at a fixed distance and angle from the sample as shown in Figure

3.2.

Small Angle X-Ray Scattering Small Angle Neutron Scattering

~

a.)
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Figure 3.2. a.) Schematic showing SAXS experimental setup, b.) Schematic for SANS
experimental setup. The SAXS experiments are performed using slit alignment and the SANS
using pinhole alignment.

An Anton Paar SAXSess instrument (Cu-K,, A=1.5418 A) was used for SAXS experiments with
slit alignment using a quartz flow-cell for the sample holder. The instrument has a SDD=260.1
mm calibrated with silver behenate standard, accessible Q-range from 0.06 A™ to 25 A, and the
instrumental broadening slit width is 0.35 A™. Raw 2-D scattering is collected on an image plate
which is scanned and read into an image file. The raw detector intensity values at each pixel
position are binned and averaged in the Q, direction resulting in 1-D scattering profiles, lsampie(Q)
vs. Q. The lsampie(Q) is then corrected for dark current and the empty cell scattering as shown in

Equation 3.3.°

( Isample (Q) -1 DC (Q)) N ( Iempty cell (Q) -1 DC (Q))

33 1l (Q)= J— (Q=0) lempty cel (Q=0)

lorr(Q) is then converted to absolute scale ,l.55(Q), by normalizing the sample to the incoherent

background of water and scaling it to the known value of 0.01641 cm™.

SANS measurements were carried out at the National Institute of Standards and Technology
National Center for Neutron Research (NCNR) in Gaithersburg Maryland using instruments NG-
3 and NG-7 for SANS, and BT-5 for the ultra-high resolution SANS (USANS).2%!! At the
NCNR, thermal neutrons are produced from a fission source. For the USANS experiments,
thermal neutrons pass through a graphite filter and a perfect crystal diffractometer before
impinging on the sample. The analyzer gives an accessible Q-range of 3x10™ — 0.01 A™ using
A=2.4 A and AMA=6% in a slit-alignment. For SANS measurements, the thermal neutrons
produced in the reactor are passed through cryogenic hydrogen, which moderates the high energy
thermal neutrons leaving only cold-neutrons. A mechanical velocity selector then provides a
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selectable wavelength range of /=5 — 20 A. . The sample is measured at multiple SDD’s ranging
from 1 — 15m, giving and an accessible Q-range 0.0015 — 0.6 A™. Liquid samples are measured
in demountable cells with a fixed path length (1 or 2 mm) and quartz windows. The scattered
intensity is collected on a two-dimensional helium detector and raw intensity values binned
through radial integration from the beam center producing profiles lsampie(Q) vs Q. These raw
profiles are then corrected using equation 3.5. Absolute scale is determined by measuring the

neutron transmission for each sample and normalizing l¢.r(Q) to the total neutron flux.

For transmission SAXS measurements, useful quantitative information about the sample can be
obtained when the scattered intensity is scaled such that the contribution of the scattering
intensity from the instrument’s configuration (i.e. sample-to-detector distance, incident radiation
flux, etc.) is removed.®® This normalization of scattered intensity puts the data in absolute scale
and is a measure of the differential cross-section (Equation 3.4) of the sample. The differential
cross-section represents the intensity scattered into a detector solid angle, 2, per unit sample
volume, V. By convention this value takes on units of cm™.>

_ldo o, _(LQ)F

dz
Vv dQ(Q)_ V x E2

34 <=(Q)

With the 1(Q) vs Q data in absolute scale, predictive structural models of the spatial distribution
of scattering domains within a sample can be quantitatively compared to experimental data. If
the structural model is appropriate, linear regression analysis can be used to fit the structural
parameters of the model to the data. Using a »* test (Equation 3.5), the fit quality can be

evaluated for agreement between experimental data, Imeas(Q), and the model, Inogel(Q).°

3.5 ZZ = (Im0d9| Q) - Imeas (Q))
Imodel (Q)
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For a sufficiently low 2, the model is deemed appropriate thus providing confidence in that the
values of the fitted parameters represent the real characteristics of the sample. This is a powerful
aspect of scattering measurements because unlike microscopy, scattering is a non-destructive,
bulk measurement that can probe a large size and temporal scale simultaneously. In this way, the
native conformation of materials under investigation can be interrogated and the fitting results
represent the average characteristics of the sample. The full development of scattering theory is
discussed elsewhere and beyond the scope of this review.*However, in the sections that follow,
a brief review of specific theoretical aspects of scattering theory are discussed specifically as

they pertain measurements made in sections 4 and 5.
3.3 Grazing Incidence Scattering Measurements

In principle the scattering from thin-films could also be measured using transmission
SANS/SAXS.®*™ However, often these films are mounted on substrates, and there is little
sensitivity of the overall scattering pattern to the surface film. In order to render a SAXS/SANS
measurement surface sensitive, a film can be oriented at a grazing angle, «;, relative to the
incident main beam and is usually between 0.1 — 0.5° for X-Rays.® This technique is called
grazing-incidence small angle X-ray scattering (GISAXS) and was developed to elucidate the
morphology of nanoscale features in thin-films. A schematic diagram of GISAXS is shown in

Figure 3.3.
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Grazing Incidence Small Angle X-ray
Scattering
(GISAXS)

Figure 3.3. Schematic diagram of experimental GISAXS setup. The film is oriented with an
angle, aj, relative to the substrates plane and the scattering angles a; and 26; relative to the
substrate plane. The scattering is detected on a two-dimensional detector and measured as a
function of Qy and Q..

At incident angles above the critical angle of the thin-film and below the critical angle of the
substrate, the scattering pattern is dominated by the diffuse scattering from features embedded
within the film and by the specular reflectivity. Unlike in SANS/SAXS, the scattered intensity
from these embedded features is distorted as a result of the complex refraction and reflection of
the main beam. Treatment of GISAXS data is much more challenging than for either SANS or
SAXS data as the scattering profiles must be treated within the frame-work of the Distorted
Wave Born Approximation (DWBA)."**® DWBA provides an analytical framework within
which the scattering intensity from thin-film features can be treated analytically. Underlying this

framework is the following key assumptions:

(1) The scattering intensity from the film is weak compared to the reflection and refraction

from the interfaces.?°
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Therefore, the solution for the specular reflection and refraction of the main beam can be
decoupled from the contribution of the scattering from the embedded structures.”® An additional
complication arises as a result of the grazing incidence geometry. Because the sample reference
plane is not the same as the detector reference plane, the Q-vector must be expressed in its matrix
form (Equation 3.6), where a; and 26; are the vertical and horizontal angle in the sample
reference plane.

cos(a; )cos(26; ) —cos(a;)

3.6 szs—ki:% cos(a )sin(26, ) —cos(a;)

sin(a; )+sin(a;)

GISAXS measurements were performed with the Anton Paar SAXSess instrument in alignment
and a computer controlled goniometer for sample alignment. Calibration of the incident angle is
performed using an iterative procedure where the film of interest is raised vertically such that it
attenuates half of the main beam intensity while having symmetric intensity decay as a function
of the tilting angle. The two-dimensional patterns obtained from a GISAXS measurement are
treated with a set of macros implemented in IGORPro to convert pixel positions of the raw
scattering images to Qy, Qy, and Q, with respect to the sample reference frame. The scattering
patterns were corrected for dark current and normalized to scattering time, but no absolute scale

correction was applied.
3.4 The Relationship for 1(Q) vs Q — Transmission Geometry

Within the context of a small angle scattering experiment, whether the sample be a dispersion of
dilute colloidal particles or a film that has embedded domains within it, the scattered intensity

collected on a detector will represent the ensemble average over its entire illuminated volume. In

37



fact, regardless of shape or distribution of density fluctuations within the sample, 1(Q) will be
proportional to ¢, the volume fraction of scatters in the sample, Vpart, the average volume of the

scatterer, and ASLD*=(SLDpar-SLDsow). > (Equation 3.7)

3.7 1(Q)~ ¢V, ASLD? where g=N -V /V

part

The Q-dependence comes from the particular details of the scattering entity’s shape and the
distribution of those domains within the sample. This Q-dependent component is commonly
expressed as the product of the form factor, P(Q), and the structure factor S(Q), 1(Q)~P(Q)S(Q).
Therefore, in general form, equation 3.8 shows the relationship between scattering intensity |

and Q.
38 1(Q)=¢V,,,ASLD’P(Q)S(Q)

The form factor and structure factor are functions that are normalized such that P(Q=0)=1 and
S(Q=0)=1, and are given by the Patterson function of the particle, Equation 3.9, and the structure

factor by Equation 3.10. In Equation 3.9, y(r) is the correlation function of the particle.

1

39 PQ= j 7(r)e " dr

part V.,
N —-iQr
3.10 S(Q) :1+Vj[g(r)—1]-e dr

Take for example, the form factor for spherical colloidal particles dispersed in water shown in
Equation 3.11.° In this expression, the parameter R defines the sphere’s radius and would be a

potential fitted parameter to experimental data.
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(sin(QR)—QRcos(QR)) i
(QR)

3
311 I:)sphere (Q) =

In the dilute case, the interaction between spheres in the dispersion is minimal so the spheres can
be treated as a gas (S(Q)=1). Pspnere(Q) is plotted for monodispere spheres, R=50 A, in Figure
3.4a. As the spheres become enriched, their volume fraction in solution increases and the
positions between spheres will become increasing correlated. For hard spheres of radius, g(r)=-¢
UOKT "where U(r) is the potential of mean force (U(r) = 0, when r>D and U(r) = o when r<D).
Using the Percus-Yevick closure, S(Q) can be derived analytically and its impact on the

scattering profile shown as a function of Q as shown in Figure 3.4b.?* Below ¢=0.001, the

contribution that interparticle interactions have on the scattering profile is negligible.
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Figure 3.4. a.) Normalized form factor, P(Q), for an isolated sphere, R=50 A, b.) normalized
P(Q)S(Q) plots for hard-sphere interactions demonstrating the effect of interparticle interactions
on scattering profiles.

In real systems, the scattering objects are never perfectly monodisperse in either size or shape.
Often, there is some average size and distribution that can describe the relative concentration of
different scattering objects within a material. In those cases, 1(Q) can be calculated from an
appropriately weighted average of the particle shapes and sizes which make up the sample. In
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principle, for polydispersity in size, if the shape function of a material is known, then the
distribution can be determined analytically. Also, if the distribution of size is known a priori,
then the distribution of shapes can be determined. Commercial scattering packages often include
a variety of analytical distributions to account for polydispersity in size including Gaussian,
Lognormal, Schultz and Rectangular.®??* While these distributions are convenient to use
because they are typically defined by a small number of parameters, it is of course possible to
calculate the scattering from profile resulting from any arbitrary particle size and shape
distribution simply by using the appropriate weighting of the monodisperse scattering form
factor models from the subpopulations of particles.

) Zﬂvpart,iPi(Q)
3.12 1(Q)=ASLD v

part,i

As an example, Figure 3.5a shows the effect of increased polydispersity on the scattering

function for spheres with Rayg = 50 A, and increasing polydispersity index (PDI = osigev/Ravg)-
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Figure 3.5. a.) Ispnere(Q) Vs Q for Rayg = 50 A dispersion with increasing polydispersity, b.)
Normal distribution of particle sizes for Isphere(Q) profiles in (a.).

From Figure 3.5, the bias of polydispersity for larger particles is evident based on the shift of the
scattering curves toward lower Q, and the diminished oscillations at high-Q. This effect is called
smearing and in general systems with large degrees of polydispersity can possess large

uncertainty in the fitted distribution values.

Another important contribution to smearing can come from instrumental resolution.®® These
include finite divergence of the main beam, wavelength distribution, and finite pixel size. The
above analysis neglects any of these contributions to the overall scattering curve. In real
measurements, the beam always has some finite dimension and like in the case of SANS,
possibly some distribution of wavelengths.?® It is often that the finite pixel size can be neglected.

I(Q) models can also be modified to account for instrumental broadening.

313 Icorr (Q) = I Imodel (Q)R(61Q1 AQ)d6

where AQZ:QZ( ! A;t] +((4ﬂj —QZ}AH

2J2In2 4 A
— 1 Q-Q 2
and R(Q’Q’AQ):AQ\/ﬂeXp —%

Mathematically the known smearing contribution can be applied to any analytical model. This
procedure is preferably applied to analytical model before fitting to improve the agreement with
experimental data. At this point, the discussion has been completely general and only assumes
that the measurement is made in transmission geometry. In Chapters 5 and 6, specific
implementation of these equations as they pertain to the analysis of small angle scattering data

from dispersed CNP colloidal particles will be discussed.
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3.5 Deriving the relationship 1(Q) vs Q — Grazing Incidence Geometry

The derivation for 1(Q) vs Q in grazing incidence geometry is somewhat more complex than the
transmission geometry. It must be applied with much more care depending on the specific details
of the experiment. As mentioned in Section 3.4, this treatment falls within the context of the
DWBA. For this discussion, we will limit our analysis to particles encapsulated in a thin-film
supported on a substrate because it is the geometry that is most closely related to the
investigation of structural morphology of polymer/fullerene composite thin-films. Figure 3.6a
shows a schematic representation of spheres embedded within a thin-film on a substrate. In this
figure, there are four different perturbations that account the interference between the film,
substrate and the particles. This image is a depiction of the DWBA framework and the ability to
predict the scattering intensity as a function of Q. Accounting for these four different
interactions, 1(Q) can be calculated from the expression in Figure 3.6b as the sum of the
contribution of each of the four terms weighted by their Fresnel coefficients. This equation is
valid for the case of dilute spheres in the thin-film. As the particle concentration increases, the
analysis is more sensitive to local SLD changes within the film and a graded interface model
must be used that can account for composition profile throughout the film as depicted in Figure

3.6¢.Y7
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Figure 3.6 a.) Schematic description of all four terms account for in DWBA for GISAXS from
particles embedded within a thin-film on a substrate, b.) DWBA formalism for accounting for
four terms in DWBA, and c.) schematic depiction of DWBA accounting for the graded interface.

This inevitably leads to a more complex expression for 1(Q), which is beyond the scope of this
discussion, though likely relevant for thin-film polymer/fullerene composites. Because of the
presence of the substrate, the analytical P(Q) form factor models must also be modified to
account for the orientation of the particle with respect to the substrate. In addition, planar
structural order, polydispersity, and instrumental broadening must be accounted to accurately
model scattering from embedded structures within thin-films. In chapter 4, GISAXS patterns
collected from thin-film polymer/fullerene composites will be analyzed in both the small angle
and wide angle region. This analysis is qualitative and will not generally employ the DWBA, but
nonetheless it is important to have an understanding of the processes that underlie a GISAXS
experiment so that the structural features interrogated with the technique can be appropriately

interpreted.
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Chapter 4. Thin-Film Conjugated Polymer/Fullerene Composites

In the current paradigm of organic photovoltaics production, composite conjugated
polymer/fullerene thin-films are produced using solution phase processing. This consists of first
dissolving the conjugated polymer and fullerene into a common solvent. The solution is then
solution cast onto the desired substrate, and then either solvent or thermal annealed to develop
the desired nanophase morphology that gives rise to the best performance. It has been well
established that there are a large number of factors that can influence device performance. A
non-exhaustive list includes annealing temperature, time, solvent choice, substrates surface
energy, material purity, the presence of additives, solubility of the components, molecular weight
distribution of the polymer, coating method, film thickness and solution viscosity. The device
engineer’s job is to identify for a given set of materials (i.e. conjugated polymer and fullerene
derivative) the conditions that lead to the best performance. Optimization of performance in this

parameter space is an enormous task, yet some heuristics have been developed:

1. For non-crystalline conjugated polymers, fullerene rich films (#pcsm>50 vol%) tend to
give rise to better performance.?

2. The film thickness is usually thinner than what is necessary to absorb all of the light.

3. High boiling point additives in the organic solvent phase lead to a more favorable ‘‘as-
cast” state.

4. Long annealing times inevitably lead to morphological degradation due to crystallization
of the fullerene.>”’

5. Semi-crystallization polymer domains are desirable, but highly ordered polymer

crystallites are unfavorable.?
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These factors are nicely demonstrate in the evolution of morphology in P3HT/PCBM thin-film
composites. The development of morphology in these blends is often tied to the crystallization of
P3HT in the solid state. This occurs when PCBM becomes supersaturated in the rubbery
disordered P3HT domains at temperatures below their common miscibility point (Tpyisc = 205 °C
—290 °C for P3HT and PCBM depending on film composition) and above the glass transition of
P3HT (Tyiass= 12 °C).>'® There are no evident thermodynamic phase transitions in P3HT/PCBM
blends between these two temperatures.” Because of the simultaneous crystallization process,
regardless of the specific thermal treatment, the instantaneous morphology that leads to a
particular device performance is only a transient one and will likely continue to evolve with time
even when the temperature is lowered. While quenching a film from the annealing temperature
to ambient conditions slows the evolution of the film morphology, the polymer/fullerene films
are still inherently unstable due to the finite solubility and relatively high mobility of PCBM in
the amorphous conjugated polymer domains.***? Films will continue to slowly evolve over time
as the crystallization of both components proceeds. Under typical annealing conditions (120
°C<Tannear<170 °C), this effect manifests itself as a drop in solar cell performance when longer
annealing times are used and PCBM crystal domains overgrow. Performance decreases once the
crystal size exceeds the optimal size for ideal bulk heterojunctions because the total interface
between p-type and n-type domains decreases with increasing domain size. However, even at
modest operating temperatures for polymer solar cells (20°C<T,,<80°C), slow structural
evolution and performance degradation persists as a result of PCBM crystal growth.*® This
concept is shown schematically in Figure 4.1. This mechanism of degradation is not only a
practical challenge for the optimization of active layer morphology in polymer solar cells, but

also for making devices that have adequate lifetimes (years) at normal operating conditions.
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Figure 4.1. Schematic of phase segregation and coarsening occurring inside active layers (right)
and for the changes in device performance that are expected to occur as a function of time at
different temperatures (left).

There is a therefore a need to improve the thermal stability of polymer/fullerene solar cells by
controlling the crystallization of the fullerene phase. Several strategies are currently being
pursued. The first approach is the synthesis of compatibilizing agents that function to stabilize

1 For example Tsai et al. synthesized a poly(4-

the polymer/fullerene interface.
vinyltriphenylamine)/P3HT copolymer using quasi-living Grignard metathesis and living anionic
polymerization.'® These molecules have the potential to improve long-term thermal stability as
they function like surfactants that prevent further coarsening of the polymer and fullerene phases,
but more study is needed to understand the specific effects these materials have on the
morphology of the active layers. A second approach that has been employed is the synthesis of
fullerenes with different substitution moieties. Using novel chemical routes, it is possible to
synthesize fullerenes that are not capable of packing into uniform crystals; therefore phase
segregation is only driven by the crystallization of the polymer phase. This approach has been
recently demonstrated with a new PCBM derivative consisting of 1,2-dihydromethano-[60]

PCBM by Li et al.'"*® This approach is highly desirable for conjugated polymers that crystallize
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into nanofibers because the final domain size is defined by the dimension of the nanofibrils with
the fullerene matrix acting like a space-filling glassy matrix. However, in cases where the
polymer has a relatively low crystallinity or does not form nanofibers, it is also desirable to have

the ability to systematically modify the crystallization of the fullerene phase.™

One strategy that is outlined in this chapter is to incorporate Cg into the fullerene phase
of P3HT/PCBM solar cells in order to systematically modify the crystal habit of PCBM. The
solubility of Cgo in chlorobenzene is only 6-7 mg/mL and this has limited its use in device
manufacture. Nevertheless, its use has been demonstrated as a pure n-type material for the
fabrication of polymer solar cells via optimization of solvent conditions.?® Because Cgo is a
precursor to PCBM and many other fullerene derivatives, it also has a lower associated cost and

no additional synthesis requirements.

4.1 P3HT/PCBM/Cgo Thin-Film Characterization
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Figure 4.2. a.) Optical micrographs of P3HT/PCBM blends annealed at 150°C at different times
(scale bar is 100 pm), b.) UV-visible absorption spectroscopy of the films after annealing for
different times — inset is the P3HT Ag.o/A¢-1 ratio vs. time (min), ¢.) Summary of UV-visible
absorption and optical microscopy data showing crystallite density, crystallite size, fractional
area occupied by the crystallites on the film’s surface, and the value of absorbance at 4 = 336 nm.
The dashed red line signifies the formation of visible PCBM aggregates on the film’s surface.

Optical micrographs and UV-Visible absorption spectra (Figure 4.2) of P3HT/PCBM blends
spin-coated on glass and annealed at 150 °C are shown in Figure 4.2a and Figure 4.2b
respectively. We used these two techniques to monitor the extent of large-scale crystal
overgrowth in the films. Image analysis applied to the micrographs provided a means to quantify
the total area occupied by visible crystallites, their number, and their average size, which is

equivalent to the side length of a square with the same area as each crystallite. Specific
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signatures of PCBM overgrowth can also be observed in the UV-Visible absorption spectra in
Figure 4.2b. After the spectra are normalized to account for differences in film thickness, there is
a clear decrease in absorbance at a wavelength of 336 nm. This peak is the lowest energy
absorption feature for PCBM and its decrease indicates migration of isolated PCBM molecules
to join large PCBM crystallites. As seen in Figure 4.2c, the decrease in the peak at 336 nm that
begins around 5 minutes (marked by the dotted red line) corresponds almost exactly with a slight
increase in the absorbance background at higher wavelengths (< 650 nm). This is expected as
large PCBM aggregates will block or scatter a larger fraction of the incident light at all

wavelengths.

Figure 4.2 shows that PCBM overgrowth began after only 5 minutes of annealing. After 5
minutes annealing, the P3HT achieved its maximum crystallinity as indicated by the Aq.o/Ag1
ratio (inset, Figure 4.2b where Ao = 605 nm and Ag.o = 538 nm ).2* At this point, the number
density and average size of visible crystallites increased rapidly. This corresponded to a decrease
in the PCBM absorption peak at 336 nm. After an hour of annealing, the PCBM absorption peak
at 336 nm stopped decreasing, and a large number of 12 um crystallites occupied 15% of the
visible film area. The growth process slowed at longer annealing times. This is likely a result of
the depletion of all of the free PCBM within the film. Because optical microscopy is only
sensitive to crystals larger than ~1 um, this analysis does not account for nano-scale PCBM
aggregates that are known to form during the early periods of annealing and could still be present
even after long periods of annealing.?? Therefore, these techniques can only quantify a limited
region of the kinetics of growth of PCBM crystallites. However, this analysis does establish a
strong basis for demonstrating the fundamental morphological instability of annealed

P3HT/PCBM films. After initial nucleation, PCBM crystallites continued to grow through
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migration of PCBM within the disordered regions of the polymer matrix until the chemical
potential of PCBM dissolved in the amorphous P3HT is balanced with the chemical potential of
PCBM in a crystallite. Therefore, the ultimate extent of overgrowth observed in these films is a
complex function of the solubility and mobility of PCBM in the polymer matrix, the number of
nucleation sites, the crystallinity of the polymer within the film, and the film composition. For
the addition of Cgy to the fullerene phase of polymer/fullerene blends to be effective, it must
modify the growth kinetics of the fullerene crystallites such that the extent of fullerene

overgrowth is reduced.
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Figure 4.3. a.) Optical micrographs of films with varying PCBM/Cg, content in the fullerene
phase of a P3HT:fullerene film annealed for 2 hours at 150°C. (Scale Bar is 50 um), b.)
Summary of the average crystal size and number of visible “overgrown” crystals at 2 hrs.
annealing, c.) Scanning electron micrographs of PCBM/C60 films after 1 hour annealing at
150°C on silicon wafers.
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In order to quantify the extent of overgrowth when Cg is incorporated into the fullerene phase of
P3HT/PCBM blends, we fabricated P3HT/PCBM/Cg, blends with a constant P3HT:fullerene
weight ratio and varied PCBM/Cg content in the fullerene phase. Figure 4.3a shows the optical
micrographs of P3HT:fullerene films with increasing Cgo content in the fullerene phase. These
films were annealed at 150 °C for 2 hours. After applying the same analysis to these images as in
Figure 4.2, Figure 4.3b shows the number density and the average size of visible “overgrown”
crystals as a function of PCBM/Cg, content in the fullerene phase. Scanning electron
micrographs of PCBM/Fullerene films annealed at 150 °C for 1 hour are also shown in Figure
3C to access smaller length scales. The extent of overgrowth is strongly dependent on the Cqg
composition in these films. From the optical micrographs, it is clear that the presence of Cg
causes a significant increase in the number density of crystallites while also simultaneously
decreasing the average size of the visible overgrown crystals. The SEM images in Figure 3C also
show that the morphology of the individual crystallites was significantly affected by the
incorporation of Cg in the fullerene phase. As the Cgo content is increased to 25 wt% in the
fullerene phase, the crystallites are clearly much less needle-like and instead form disc-like or
flower-like structures. As the Cgo content in the fullerene phase increases to 50 wt%, apparent
crystal size decreases and the morphology becomes increasingly faceted. The degree to which
crystals overgrow also appears to decrease but they tend to form faster during annealing. Where
the 100% PCBM films took more than 1 hour at 150 °C to reach a fully stabilized morphology,
very small quantities of Cg in the fullerene phase resulted in extensive crystallization within 5-
10 minutes of annealing at 150 °C. However, once this initial growth ceased, the crystals

maintained their smaller size even after very long annealing periods at 150 °C.
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In order to test the stability of polymer/fullerene blends that incorporate Cgy against accelerated
aging conditions, P3HT:fullerene films with varying PCBM/Cg, content were annealed at 150 °C
and then aged at 90 °C. This temperature is somewhat higher than what is expected for typical
solar-cell operating conditions but it is also lower than typical annealing temperatures. This
experiment was also designed to test whether high-temperature annealing alone provided
enhanced thermal stability for devices during operation since it had been previously observed
that annealing at higher temperatures stabilizes P3HT/PCBM blends.™ These films were again
monitored using optical microscopy as shown in Figure 4.4. In order to better resolve small
crystallites, SEM images were also taken for samples corresponding to the optical micrographs

of films annealed for 5 minutes at 150 °C and then aged at 90 °C.

100/0 PCBM 75/25 PCBM 50/50 PCBM
0 min S min 0 min S min 0 min

0 days

Aged at 90°C
1 day

6 days

Figure 4.4. Optical micrographs of films with varying PCBM/Cg that have been annealed at
150°C and aged at 90°C. Right column are scanning electron micrographs of the 50/50 films
annealed for 5 minutes and aged for varying times.
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absorption spectra were also obtained for these films and are presented in Figure 4.5 along with
analysis of crystal size for each film. After 6 days of aging at 90 °C, the P3HT:fullerene films
with 100/0 PCBM/Cg, composition in the fullerene phase resulted in the same final aggregate
size of ~10 um regardless of the annealing condition. This observation is contrary to some
reports claiming that high temperature annealing stabilizes P3HT/PCBM blends to crystal
overgrowth.*Y Interestingly, annealing the 50/50 PCBMI/Cg blend did make the films
significantly more stable to overgrowth when compared to films that were not annealed before
aging. Aging the P3HT:fullerene blends with 50/50 PCBM/Cg ratio for 6 days resulted in
crystals with an average size of 3 um if they were not annealed first. However, identical films
subjected to 5 minutes of annealing at 150 °C resulted in ~300 nm crystals after 6 days of aging.

This represents an order of magnitude difference in crystal size with and without annealing.
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Figure 4.5. a.) P3HT:fullerene films with varying PCBM/Cg, content aged at 90°C without
annealing, b.) P3HT:fullerene films with varying PCBM/Cg, content annealed for 5 minutes at
150°C and then subsequently aged at 90°C.
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The absorption spectra in Figure 4.5 provide further insight into the crystal overgrowth shown in
Figure 4.4. Regardless of the composition of the fullerene phase, the absorption peak at 336 nm
decreased and the average crystal size increased as a function of aging time when the films were
not annealed. Therefore, aggregates large enough to be fully opague to the spectrometer were
forming throughout the films. For the annealed 100/0 PCBM/Cg film, the absorbance behavior
was very similar to when it was not annealed. This is not surprising considering the long-time
scale of PCBM overgrowth leaves plenty of free PCBM to continue to diffuse to growing
crystallites when no Cgg is present. For the annealed 75/25 PCBM/Cg film, after 5 minutes of
annealing, large aggregates have already formed on the surface and the absorbance at 336 nm has
already decreased. Therefore, aging the film at 90 °C had very little effect on the crystal size and
absorbance at 336 nm. This was also the case for the 50/50 PCBM/Cg films. Interestingly, the
absorbance at 336 nm stayed relatively constant even when compared when the film was not
annealed. This verifies that the crystallites formed in this film are sufficiently small that they are
still transparent to the spectrometer and that they are more stable to further growth than films that

do not incorporate Cgy.

4.2 PCBM/Cgo Organic Field-Effect Transistors (OFETS)
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Figure 4.6. a.) Electron mobility and threshold voltage as a function of PCBM composition, b.)
Forward sweep of transfer curve for OFETS made from PCBM/Cg blends of different
composition.

To this point, this work has focused on the characterization of the extent of overgrowth of PCBM
crystallites from P3HT:fullerene films after different thermal treatments with varying PCBM/Cg
composition in the fullerene phase. This characterization showed that, at relatively high Cg
loadings, PCBM crystal overgrowth is reduced and the morphology is modified. Results also
suggest that this approach could lead to more thermally stable OPVs. However, for this approach
to be viable, the modification of the morphology of the fullerene phase must occur without a
significant reduction of the electron transport properties in the fullerene phase. To test the effect
of addition of Cg on the electron mobility of PCBM, we fabricated organic field-effect
transistors (OFETS) from PCBM)/Cg solutions with varying Cg content (no P3HT). Figure 4.6a
shows the measured field-effect mobility and threshold voltage from these devices and Figure
4.6b, the current—voltage (I1-V) characteristic of representative devices. Overall, the electron
mobility decreases slightly with the addition of Cg, to PCBM with values of 0.05 cm?/V-s in pure

PCBM and 0.03-0.04 cm?/Vs in the PCBM/Cg mixtures. This observation is not surprising
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given that prior theoretical work has also shown little effect of polycrystalline structures on the
electron mobility of pure Cgo transistors.*™ The poor performance of 0/100 Cg, devices is a result
of poor film adhesion to the substrate. In fact, films with PCBM content below ~75 wt% did not

form films with quality that is high enough to be tested using this approach.

4.3 P3HT/PCBM/Cgy Organic Solar Cells (OSCs)
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Figure 4.7. a.) Efficiency and normalized efficiency of P3HT:fullerene devices with varying Cgo
content as a function of annealing time, b.) Schematic of layers of OSCs fabricated for this study,
c.) Efficiency of P3HT:fullerene devices with varying Cgo content as a function of aging time
after being annealed for 5 minutes at 150°C.

The morphological studies of the effects of addition of Cg into the fullerene phase of
P3HT/PCBM solar cells have, to this point, been based on experiments conducted on ‘free’ films
coated on glass. There are a number of studies that show that the presence of a top electrode on

P3HT/PCBM active layers can significantly affect the kinetics of PCBM diffusion and also
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modify the extent of vertical phase segregation. % *" It is therefore, difficult to directly infer
device performance from only the observations of morphology in P3HT/PCBM active layers
annealed without a confining top electrode. In order to test whether the incorporation of Cg into
the fullerene phase of P3HT:fullerene films leads to more thermally stable OSCs, we have
fabricated devices with an aluminum electrode evaporated onto the active layer before applying
the thermal treatment (post-annealing). The performance of the OSCs was then tested after
different thermal treatments. The first thermal treatment consisted of an annealing time study at
150 °C. As shown in Figure 4.7a, the 100/0 PCBM/Cg, devices show the best peak power
conversion efficiency, 3.3%+0.3%, after 10 minutes of annealing. The 75/25 PCBM/Cg, and
50/50 PCBM/Cg devices’ peak efficiencies occurred after only 5 minutes of annealing and had
values of 2.5%+0.4% and 2.2%=0.3% respectively. However, the performance achieved for the
50/50 PCBM/Cg devices after annealing for 120 minutes was still 91% of its original value
whereas the performance of the 100/0 PCBM/Cgo devices were already at 68% of their peak
performance. We also performed an aging study where devices annealed for 5 minutes at 150 °C
were subsequently placed at an elevated temperature (90 °C) for a longer time and tested
periodically to evaluate performance. The results of this test are shown in Figure 7D. After 80
hours of aging, significant degradation of performance of all devices in the study was observed.
The 100/0 PCBM/Cgy devices’ performance degraded 90% from 3.2%+0.2% to 0.3%+0.2%.
Comparing these results to the devices incorporating Ceo, the 72/25 PCBM/Cg devices degraded
78% from 2.4%+0.4% to 0.6%+0.2%, and the 50/50 PCBM/Cg devices degraded 71% from
2.2%+0.3% to 0.7%=0.2%. Therefore, under accelerated aging conditions, the 50/50 PCBM/Cg
devices showed significant improvement over the 100/0 PCBM/Cg, devices both in terms of

relative performance to its peak efficiency and also in final efficiency.
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4.4 GISAXS Characterization of P3HT/PCBM/Cgy Composite Thin-Films

GISAXS measurements were acquired using Anton Paar SAXSess small angle X-ray scattering
instrument. The sample to detector distance was calibrated (260.2 mm) and samples were run in
point collimation. Figure 4.8 shows the GISAXS data collected from P3HT/fullerene films with
100/0 PCBM/Cg ratio. The samples were measured with an incident angle ([1;) of 0.2°. This is
between the critical angles of the film (o im=0.16°-0.18°) and the underlying glass substrate
(0 glass=0.22°) and therefore is in the dynamic regime where DWBA is necessary for theoretical
treatment of the data.”® There are two main visible features in the 2D patterns that can be used to
analyze the nanostructures within P3HT/fullerene blends: 1.) the small angle scattering intensity
in the off-specular plane, which can be characterized by a horizontal line cut along the Qy
direction at constant Q; at the Yoneda peak, and 2.) the (100) crystal plane of P3HT crystallites

that can be analyzed using a radial average at a constant magnitude of the scattering vector Q =

0.38 A1

The results of these averages are summarized in Figure 4.8b as a function of annealing time for
all P3HT/fullerene blend compositions and annealing times. For cuts at constant Q, = 0.016 A™,
we obtain primarily information about the lateral order of structures in the films. Figure 4.8d
shows that, as annealing time increases, the scattering profiles systematically shift towards lower
angles and the intensity at low Q increases. This is consistent with the increases in size of the
fullerene domains, located within the bulk heterojunctions that are observed in SEM and optical
microscopy (Figure 4.3). The averages in Figure 4.8b show that the overall P3HT crystal fraction
increases with increasing annealing time and that the P3HT crystal fibers have strong preferential

ordering parallel to the substrate surface.
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Figure 4.8 a.) GISAXS measurements on blended films (0;=0.2°), b.) Top is Qy line cut at
Q,=0.016 A™ and top is the azimuthal average.

GISAXS also provides a possible explanation for why the 50/50 PCBM/Cg blend outperforms a
100/0 PCBM/Cg blended film in terms of thermal stability at long times. Based on the horizontal
line cuts shown in Figure 4.9Db, it is clear that for long annealing times and extensive aging, the
50/50 blends still maintain smaller fullerene aggregates than that of the 100/0 blend. This
suggests that more P3HT/fullerene interface is also maintained as a result of the formation of
smaller fullerene crystallites that are induced from the presence of Cgo. These observations are

also consistent with the SEM and microscopy observations. From the 2D profiles it is also clear
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that the off specular scattering intensity at small angles is larger for samples containing Cgo

impurities after annealing and aging. This implies that smaller aggregates are present in these

films.?® Unfortunately, the lowest Q values that can be accessed with our GISAXS are quite

limited. Therefore, this technique is unable to characterize any aggregate growth once it exceeds

more than ~45 nm.
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Figure 4.9: a.) 2D scattering patterns from P3HT/fullerene blends annealed at 150°C with 100/0
and 50/50 PCBM:Cg in the fullerene phase as a function of annealing time, b.) horizontal line
cuts at Q, = 0.026 A obtained from the 2D profiles showing the development of aggregates in
the polymer matrix for both annealed and aged films with 100/0 and 50/50 PCBM:Cyg in the
fullerene phase.
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The performance data shown in Figure 4.7 show Cgo incorporation into the fullerene phase of
P3HT/PCBM solar cells can be used to improve the thermal stability of devices under
accelerated aging conditions. The primary mechanism of this improvement is the formation of
smaller overgrown domains in P3HT/PCBM that incorporate increasing amounts of Cgp. The
performance characteristics of P3HT/PCBM)/Cg devices are consistent with the observations of
films that were annealed and aged under similar thermal conditions. Particularly relevant is the
absorbance of the PCBM peak at 336 nm. The 50/50 PCBM/Cg blend maintained a relatively
constant absorbance that was greater than 100/0 PCBM/Cg, films after extended periods of
annealing and aging. In both cases, the maintenance of this peak is correlated to improved
relative performance and in the case of aging, an overall better absolute efficiency. This suggests
that the smaller crystal size formed in the 50/50 PCBM/Cg films observed with microscopy is
also maintained in devices made with the same composition. The improvement relative to the
100/0 PCBM/Cg films therefore likely results from an increased interface between P3HT/PCBM
and possible a prevention of mechanical damage to the devices as a result of very large aggregate
growth. It is important to note that the devices fabricated here were prepared using the same
optimized conditions for P3HT/PCBM solar cells without Cgo incorporation. Therefore, the
efficiency of devices incorporating PCBM/Cg, devices could be optimized to further improve the
peak efficiencies achieved in these studies. Furthermore, it may be possible to also utilize other
fullerene mixtures (Cgo, C70, PCs1BM, PC7:BM and others) to further reduce the driving force to
form crystals without affecting the electron mobility of the fullerene phase. This is the subject of
ongoing research. In this work we highlight the modification of the P3HT/PCBM active layer by

addition of Cg using the processing conditions that have been optimized for traditional devices.

4.5 Methods and Materials
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Poly(3-hexylthiophene) (Sepiloid P100) used in this study was purchased from Rieke Metals
(Lincoln, NE). [6,6]-Phenyl Cs; butyric acid methyl ester was purchased from SES Research
(Houston, TX) for the open films studies and American Dye Source for OSCs (Quebec, Canada).
PEDOT:PSS (PVP AL 4083) was supplied by Clevios (Germany). The ITO used for solar cells
was supplied by Colorado Concept Coatings (15€/m?) and was cut into 1.5 x 1.5 cm squares.

Chlorobenzene, anhydrous, 99.8% was supplied by Sigma Aldrich (St. Louis, MO).

Two active layer solutions were prepared in chlorobenzene with identical P3HT:fullerene weight
ratios. The first consisted of 18 mg/mL P3HT and 12 mg/mL PCBM. The second consisted of 18
mg/mL P3HT, 6 mg/mL PCBM, 6 mg/mL Cgo. Intermediate compositions were prepared by
mixing different ratios of these two stock solutions. Therefore all films possess the same P3HT
content, but varying PCBM/Cgo content. These differences are reflected by labeling the relative
weight fraction of the fullerene phase comprised of PCBM (e.g. 75/25 PCBM/Cg refers to 75
wt% PCBM and 25 wt% Cgp in the fullerene phase). Films were spun-cast onto clean and dried
glass slides at 1100 rpm for 60 seconds. Thermal treatments were applied in vacuo (< 1 torr).
Absorption spectroscopy measurements were made over a wavelength range of 300 nm to 1000
nm using a Thermo Scientific Evolution 300 UV-Vis spectrophotometer. Scanning Electron
Microscopy (SEM) was performed using an FEI Sirion SEM. Optical Micrographs were

obtained with using a Zeiss Axiovert 40 CFL Inverted Microscope.

Coating solutions were prepared with a concentration of 10 mg/mL in chlorobenzene except for a
0/100 Cgp solution which has a concentration of 5 mg/mL. Heavily n-doped silicon wafer was
used as a substrate as well as a gate electrode. Thermally grown SiO, (200 nm) on the wafer
acted as a gate dielectric layer. Surface of the oxide was cleaned by plasma for 4 min, coated

with dilute benzocyclobutene (BCB; 1:20 vol/vol in mesitylene) by spin-coating (3 krpm for 60
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sec) in air, and thermally cured at 250 °C on a hotplate for 2 h under argon environment.
PCBM/Cg solution was then spun onto the substrate (2 krpm for 60 sec). OFETs were finished
by depositing 35 nm thick gold electrodes through a shadow mask defining a transistor channel
with a width of 1000 pum and a length of 100 pum. Electrical characteristics of OFETs were

measured by using an HP4145B semiconductor parameter analyzer under nitrogen conditions.

ITO coated glass substrates were cleaned via a series of ultrasonic baths in a mild detergent,
deionized water, acetone, and isopropyl alcohol. The substrates were removed from the last bath
and dried using N,. They were then treated with air plasma for 10 min under vacuum (200
mTorr). Once clean, substrates were coated with filtered PEDOT:PSS. The PEDOT:PSS was
spin-coated, in air, on top of the ITO surface from solution to obtain a layer roughly 40 nm thick.
All solar cells maintained the same P3HT:fullerene weight ratio, with 18 mg of P3HT and 12 mg
per mL of solvent (chlorobenzene). Cgo content was varied on a wt% basis and the ratios refer to
the PCBM/Cq ratio in the fullerene phase. Active layer solutions were stirred at 60 °C overnight
in an inert atmosphere and filtered before use through a 250 nm PTFE syringe filter. These
solutions were spin-coated at 1000 rpm for 60 sec onto the PEDOT:PSS layer. 100 nm of
aluminum was deposited via thermal evaporation under high vacuum (~2 x10°® torr). The devices
were then annealed at 150 °C for varying times under nitrogen. Aging at 90 °C was also carried
out under nitrogen. The completed devices were immediately tested in air upon their completion

using 100 W/m? calibrated AM 1.5 light source.
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Chapter 5. Conjugated Polymer Organogel Emulsions

As has been identified in Chapter 4, the optimization of the intrinsic charge transport properties
of polymer/fullerene composite thin-film starts with the morphological characteristics of the
polymer phase. Conjugated polymer films typically are comprised of two distinct archetypical
structures, a disordered polymer region and an ordered one. In the disordered regions, charge
transport is dominated by intra-chain charge migration. Therefore, efficient charge transport over
long distances (length scale of several polymer chains), requires efficient hopping between
isolated chains. In the ordered polymer regions, however, charge migration has more flexibility.
Due to m-mt bonds that extend out from the backbone, favorable inter-chain interactions can occur
that permit efficient charge transfer from chain to chain. This is depicted in Figure 5.1. Favorable
n-m interactions, in some cases, also result in increased chain stiffness within the polymer

aggregate leading to enhanced intra-chain charge transport as well.
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Figure 5.1. Schematic diagram of charge transport pathways for conjugated polymers (intra-
chain and inter-chain) and of lamellar stacking of conjugated polymers due to their side chains.
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Due to the steric interactions of side chains, conjugated polymers often aggregate to form
crystalline lamellae, where the side chains act as an insulating spacer between backbone
segments as shown in Figure 5.1. The formation of polymer aggregates typically occurs in the
late stages of drying, where inter-chain interactions are facilitated across the solvent. Upon
solidification, these states become kinetically trapped and are distributed through the disordered
regions of the polymer. Due to the shear intrinsic to most thin-film coating techniques, these
lamellae align parallel to the substrate’s surface. Therefore, anisotropic hole-transport is a
common feature of “as-cast” conjugated polymer thin-films, and for these films charge transport
will be strongly preferences along the plane of the substrate. From the concept of the ordered
heterojunction, optimized thin-films should possess prefer charge transport perpendicular to the
substrate surface. This chapter outlines a formulation strategy that can circumvent the
preferential alignment of conjugated polymer crystallites parallel to the substrate surface and

instead produce a random orientation.

5.1 Conjugated Polymer Organogels: Isotropic Transport over Large Distance

A general property of many conjugated polymers is their tendency to form thermoreversible
organogels provided the appropriate solvent conditions.? The organogel phase forms often as a
result of supersaturation of the polymer in solution, which leads to self-assembly of polymer
chains into ordered aggregates. Provided a sufficiently high polymer concentration, mechanical
percolation of these aggregates can occur. This results in the formation of an organogel. The
term gel refers viscoelastic fluid that crosses over to possess a high storage modulus than loss
modulus in rheology. The gelation of poly(3-alkylthiophenes) has been extensively studied and it
has been found that the degree of super-saturation dictates the kinetics of self-assembly, which

has a significant influence over the network morphology and intrinsic interconnectivity of the
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gel.’ Regio-regular P3HT is known to form such organogels where the fibrillar aggregated phase
has very high hole-mobility as compared the disordered phase. A TEM image of a 3 wt% P3HT
organogel is shown in Figure 5.2a. The TEM micrograph demonstrates that these fibrillar

organogels have a highly interconnected morphology.

Guinier

Figure 5.2. a.) STEM images of a dried 3 wt% organogel. (scale bar is 1 um) b.) Combined
USANS/SANS profile of a 3 wt% organogel. The solid lines are Guinier and Power-Law fits to
the scattering curve and the dotted line is the parallelepiped fit. The inset shows the deviation of
the scattering from the gel from the nanofiber model at Q ~ 9x107 A™.

SANS measurements were also performed on a 3 wt% P3HT organogel formed in p-xylene to
characterize its morphology over a wide range of length scales. Figure 5.2b shows the combined
USANS/SANS profile of a 3 wt% organogel in (d10) p-xylene. The power-law behavior of the
scattering profile between 9x10° A" < 0 < 2.5x10™ A™ is characteristic of a fractal network
structure and is also consistent with the TEM images (Figure 5.la).* Fractal structures are

observed in many natural and synthetic networked systems.’ These structures are defined by self-
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similarity that extends over several size scales. The fractal dimension (Dy) quantifies the
dependence between mass and volume for a fractal object (M ~ /7). In the case of P3HT
organogels, this is proportional to the density of the fiber network. The fractal dimension of the 3
wt% organogel is Dy=1.45 = 0.1 and the range of self-similarity spans between ~70 nm and 2.5
um. The scattering signal at larger angles, O > 1x10% A™, is dominated by the form factor of the
individual fibers and for P3HT this can be approximated as a parallelepiped (Equation 5.1),

where a, b, and ¢ are the height, width and length of the parallelepiped.’

51 P(Q) :g”f”f sin(Qa-sin a cos f3) sin(Qb_sin a_sin ) sin(Qccosa) ’
a Qasinacos g Qbsinasin g Qccosa

0 0

sinadad

The form factor shown in Equation 5.1 is fit to the high-Q region of the 3 wt% organogel in
Figure 5.2b yielding cross-sectional dimensions a =46 + 18 A and b = 208 + 28 A for the height
and width respectively. For this fit, the parameter ¢ was set to be much greater than 27z/Q0* of the
lower bound of the fitting range to ensure it had no influence over the cross-section shape of the
fiber. The agreement between the model and data in Figure 5.2b demonstrates that this model is a
good approximation for the cross-sectional shape of the individual nanofibers. The rectangular
shape and dimensions also agree well with previous observations based on AFM, electron
microscopy experiments and known crystal structures. In the opposite extreme, at very low
angles (O < 2.5x10™* A™), the scattering is mostly dominated by the spherulitic centers that are
visible in Figure 5.2a. The onset of the upturn, occurring at Q% is related to the upper size limit
of the fractal region. A characteristic dimension for this can be estimated by evaluating 2z/Q* =

2.5 um.
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Figure 5.3. a.) SANS data for 2.0 wt%, 1.0 wt%, and 0.5 wt% organogels. Data fits are overlaid
corresponding to power-law dependence for a fractal. Data is normalized by concentration and
shifted by a factor of ten vertically with respect to the 2.0 wt% data set for clarity. b.) Fractal
dimension as a function of wt% P3HT in the gel phase of the ‘parent’ organogels.

SANS data from a concentration series of P3HT organogels are shown in Figure 5.3a with
overlaid power-law fits in the fractal region. The bulk organogels show a relatively constant
fractal dimension, D¢ ~ 1.45, across all gel concentrations as shown in Figure 5.3b. This suggests
that, within this concentration range, the network structure is similar for all of the organogels
even though the total fiber content is changing. The 0.5 wt% P3HT organogel is a weak gel and
cannot support its own weight upon inversion of the container. However, with increasing
concentration of P3HT, the gel strengthens and becomes highly elastic. The increase in elasticity
comes from an increase in the interconnectivity of the network and in the nanofiber
concentration as a greater amount of P3HT crystallizes. Dielectric spectroscopy measurements
have shown that P3HT organogels can transport charge efficiently over large distances owing to
their intrinsic interconnectivity.” P3HT organogels form over the course of several hours into

three-dimensional fibrillar networks when gelled in moderate organic solvents like p-xylene,
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toluene or benzene. The fibrillar aggregates in the organogels possess a high degree of
crystallinity and represent a thermodynamically stable state. Therefore, if it were possible to
produce a thin-film P3HT organogel, it would be an excellent candidate for improving hole
transport in conjugated polymer/fullerene solar cells.

Unfortunately, long gelation times, network heterogeneity, and elasticity make organogels
difficult to process into thin-films without destruction of the intrinsic isotropic charge transport
properties.® To overcome the challenges associated with deposition of P3HT organogels, we
chose to emulsify preformed poly(3-hexylthiophene) organogels in water. In this way,
dispersions of P3HT micro-organogels can be produced. These micro-organogels were shown to
maintain the intrinsic connectivity of their parent organogels in the dispersion phase using
contrast matching in Small Angle Neutron Scattering (SANS). The random, three dimensional
structure of these organogels is also maintained upon deposition in the solid-state as
demonstrated using Grazing Incidence Wide Angle X-ray Scattering (GIWAXS), a result that
has not been shown with any other approach.’

5.2 Organogel Emulsion Generation and Characterization

The formation of stable nano-porous gel particles is achieved by emulsifying P3HT organogels
in water. P3HT/p-xylene (or (d10) p-xylene for SANS) organogels are made using the procedure
outlined by Malik.”® First, a known amount of P3HT is fully dissolved into p-xylene at a
temperature above 80°C (Figure 5.4a). This sample is cooled to 20°C and allowed to gel for 24
hours in a tightly closed container (Figure 5.4b). An aqueous solution containing 5 mM SDS (or
(d25) SDS for SANS) is then added to the organogel yielding 2 mL of 10 vol% organogel in
water (Figure 5.3c). This two-phase mixture is sonicated with a Branson Sonifier (model S-450-

D) using a total of ten 1 s pulses and a power of 120 W. This protocol is sufficient to produce a
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visibly homogenous dispersion and to maintain identical processing conditions for sample
comparison (Figure 5.4d). After emulsification, the gel particles are allowed to sit overnight, and
after one day of rest, a cream layer that is rich in p-xylene, forms for all samples. This fraction is
separated from the rest of the sample and discarded. The remaining dispersion does not cream or
aggregate with time showing that long-term colloidal stability is achieved. Zeta-potential
measurements of the stable P3HT dispersions show values of -70 mV + 5 mV. This indicates that
SDS is present at the oil/water interface and is responsible for the long term stability of the
dispersion. Subsequent dialysis of the emulsions shows that stability is retained even when the
SDS concentration is decreased to levels below 40 nm. The value of zeta-potential remains
relatively unchanged over several orders of magnitude of SDS concentration. Interestingly
however, stable dispersions cannot be produced using such low surfactant concentrations before
sonication. In fact, SDS concentration exceeding 500 uM is necessary to stabilize sub-micron gel

particles during the sonication process.

Figure 5.4. Emulsification process of P3HT organogels to generate the gel particles - a.) 3 wt%
P3HT/p-xylene solution at 80°C. b.) 3 wt% P3HT/p-xylene at 20°C, c.) 5 mM SDS solution on
top of gel before sonication. d.) Dispersion immediately after sonication. e.) Dispersion heated to
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80°C after sonication. f.) Bright field micrograph of dispersion immediately after sonication, g.)
Bright field micrograph of creamed layer. h.) Bright field micrograph of the dispersion after the
creamed layer is discarded. Gel particles are small and not observable with regular light
microscopy. 1.) Fluorescence micrograph of aggregated gel particles excited by A = 450 nm.
(Scale bars are 10 um)

Subsequent heating of the dispersion after sonication causes the P3HT in the gel particles to
melt, and like its ‘parent’ organogel it recovers its characteristic orange color (Figure 5.4e). Pure
P3HT is insoluble in water and does not melt until ~170°C, so there must be sufficient solvent
remaining within the gel particles to dissolve the polymer. Figure 1f shows an optical micrograph
of the dispersion immediately after sonication. A large number of small p-xylene droplets (~2-5
um) are clearly visible. Over time these droplets coalesce and form a cream layer at the top of
the container (Figures 5.5g). When this layer is removed, the product is a stable and
homogeneous purple dispersion without any visible aggregates or solvent droplets (Figure 5.4h).
This stable dispersion contains crystalline P3HT particles that can be observed after coating
using fluorescence microscopy (Figure 5.41).

The viscosity of cooled P3HT solutions in p-xylene increases steadily with increasing polymer
concentration until, at concentrations above ~1 wt%, the samples gel and no longer flow upon jar
inversion (Figure 5.4b). To better understand the rheological behavior of the gel particle
dispersions over a wide range of concentrations, a 40 vol% dispersion was prepared from a 3
wt% organogel and the viscosity was measured at various dilutions as a function of shear rate

(Figure 5.5).

76



orrFr— ... 10 vol%
ﬁ\ - =-=20vol%
_ 4 . - = 40 vol%
= , S . — Water
S
— L Yo T~
i:3\0.01 .~ T -~
= 6 RN )
o 4 T~
S o~
2 -
= e -
0.001 s
6
4h L !
2 468 2 468 2
) 10 100

Shear Rate (sec_l)

Figure 5.5. Viscosity (Pa's) for a 40 vol%, 20 vol%, and 10 vol% of a 3 wt% organogel
dispersed in water.

The concentrated dispersion was diluted to 20 vol% and 10 vol% to quantify the effect of gel
particle loading on the viscosity. Both the 40 vol% and 20 vol% samples show non-Newtonian
shear-thinning behavior that is identified by a decrease in the viscosity as a function of
increasing shear rate. This behavior is characteristic of interparticle interactions that develop in
concentrated colloidal dispersions.'” When diluted to 10 vol%, the interparticle interactions
become negligible and the solution shows a constant viscosity as a function of shear rate that is
effectively equal to that of water. Figure 5.5 shows that the rheology is strongly dependent on the
vol% of the dispersion with larger loadings possessing a higher zero-shear viscosity. These
rheological measurements are consistent with the observed fluid properties of the dispersions and
verify that the organogels are effectively fractured and fully dispersed in the bulk water phase.

The likelihood of electronic doping could be enhanced by the choice of water as the continuous
phase or by the use of a surfactant for stabilization against particle aggregation. In order to
monitor for these possible affects, the optical properties of P3HT within the dispersed gel

particles were characterized using UV-Visible absorption and with fluorescence spectroscopy.
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The absorption spectra from gel particle samples made from 3 wt%, 2 wt%, 1 wt%, and 0.5 wt%
‘parent’ organogels are shown in Figure 5.6a. The observed peaks are typical for crystalline
P3HT and they are the result of interchain vibronic coupling. The lowest-energy absorption peak,
Ayp.g, occurs at ~2.05 eV and the second, 4.;, at ~2.25 eV. Work by Spano et al. relates the ratio
of the intensities of the Ay.¢/4y.; peaks in the absorption spectra to the degree of intrachain
order."! Interestingly, the A4y.¢/Ay.; peak ratio increases with increasing P3HT concentration as
shown in Figure 5.6b, which according to Spano’s theory should reflect an increase in
intramolecular order. The increase in the 4y.¢/4y.; peak ratio is accompanied also by a slight red-
shift in the 4.9 peak position from 2.05 eV to 2.00 eV. This increase is enough to notice a visible

color change in the transmittance from purple to blue as shown in Figure 5.6c.
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Figure 5.6. a.) UV-Visible absorption spectroscopy of P3HT organogel dispersions b.) Ag.¢/Ay.;
peak ratio and c.) Images of dispersions made from 0.5 wt% (purple) and 3 wt% (blue) P3HT
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organogels and d.) Photoluminescence measurements of the dispersions. Excitation was at 550
nm.

Photoluminescence (PL) spectra of the dispersions are shown in Figure 5.6d. The position of the
maximum PL Peak shifts from 1.9 eV to 1.8 eV over the concentration series. There is also a
lower energy feature that increases in relative intensity with increasing P3HT content. This
increase is in accordance with the increasing relative absorption of the A4y peak. The absorption
spectra and presence of photoluminescence show that the polymer is not significantly doped by
the presence of water or SDS in the dispersion. These observations are consistent the
spectroscopy of freeze-dried gels measured at different aggregation times, which had A49.0/4¢.;
ratios exceeding 1.00. This also suggests that it is possible to tailor the choice of surfactant in the
continuous phase to suit a specific coating process without necessarily influencing the optical or
electronic properties of the polymer. Indeed, we have also prepared stable gel particle
dispersions using the same protocol but replacing SDS with Brij 35, cetyl trimethylammonium
bromide (CTAB), and Pluoronic 85. While these dispersions have not been fully characterized,
they closely resemble those prepared with SDS in terms of stability, fluid behavior and optical
absorbance.

The local fiber density in the P3HT organogels and the corresponding elasticity control the
fracture process from sonication during gel particle formation. The protocol that is used for
sonication supplies a uniform power throughout the sample. Gel particle formation is very
sensitive to the sonication power and to the organogel strength. Therefore, the use of a standard
protocol is critical to produce gel particles with reproducible structures. Under the external stress
that is imposed by sonication, the organogel selectively fractures in regions of low fiber density
because these will be the weaker parts of the networks. In the high-density, spherulitic regions,

there are a larger numbers of nanofibers that more effectively distribute the stresses. These
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stronger regions can retain the network integrity if the yield stress is greater than the local
applied stress. Because fiber density and gel elasticity increase with increasing P3HT weight
fraction, it is expected that the gel particles will be more structurally similar to the ‘parent gels’
in dispersions made from the higher concentration organogels as compared to lower
concentration organogels. Correspondingly, it is anticipated that dispersions made from the
lower concentration organogels will produce more particles with collapsed network structures.

Volume-weighted size distributions obtained from Dynamic Light Scattering (DLS)
measurements are shown in Figure 5.7 for dispersions prepared from 3.0, 2.0, 1.0, and 0.5 wt%
P3HT organogels. Two distinct particle populations are evident in each sample and the
distributions can be modeled well by a sum of two log-normal functions. From these fits, the
hydrodynamic radii of the two populations within the dispersions are obtained and shown in
Figure 5.7b. This analysis was repeated for four separate dispersions prepared under identical
conditions at each concentration. The results represent the average hydrodynamic radii for each
population and the error bars represent one standard deviation. For larger P3HT concentrations,
the larger particles make up the majority component (~75 vol%) of the total dispersion and it is
expected that they will also retain most of the ‘parent’ organogel structure. In contrast, we expect
that smaller particle populations will also include network fragments from the low-density
regions of the ‘parent’ organogels. The increase in size for both the larger and smaller particle
populations as a function of P3HT concentration verifies that this is an important variable in
determining particle size distribution. This is also an important result because it shows that the
particle sizes can be systematically modified. As shown in Figure 5.7c, the small and large
fragments can also be fractionated using centrifugation. After centrifugation of a 2 wt% gel

dispersion at 1000 rpm for 20 minutes, the supernatant contains the majority of the smaller
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fragments. Larger particles are located at the bottom of the centrifuge tubes and can be easily re-
dispersed after separation. This shows that while the initial distributions after emulsification are
broad, the distribution can be refined further before coating if necessary. Scanning electron
micrographs of the large fragments (Figure 5.7d) show that gel particles are not aggregated and

have an average size consistent with that measured using DLS.
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Figure 5.7. a.) DLS of dispersions with of 0.5 wt%, 1.0 wt%, 2.0 wt%, 3.0 wt% P3HT in the gel
phase. The solid line is a linear sum of two log-normal distributions (dashed line) used to fit the
raw DLS data. b.) Average hydrodynamic radius for the small and large fragments obtained from
the log-normal fits. Error bars represent the standard deviation in size for four separate
dispersions prepared independently at each concentration. c.) DLS data of separated small and
large fragments obtained after a 2 wt% gel dispersion was centrifuged, d.) SEM images of
diluted large fragments.
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5.3 SAXS and Contrast Matching in SANS for the Structural Characterization of P3HT
Organogel Emulsions

While the DLS data provides powerful insight into the size and concentration of gel particles
within the dispersion, it does not reveal much about their internal structure. Therefore, it still
remains to be proven that the particles retain the porosity and network structure of the original
bulk organogels. To this end, SAXS and SANS experiments were performed on several gel
particle dispersions as a function of P3HT content in the organogel phase. In order to
characterize the nature of the P3HT fibers contained within these emulsion droplets, we first

performed SAXS measurements on a 3wt% micro-organogel. The 1(Q) vs Q data is shown in

Figure 5.8.
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Figure 5.8. SAXS (black circles) and combined SANS/USANS (red circles) profiles from
10vol% of a 5 wt% organogel dispersed in 5 mM sodium dodecyl sulfate solution.

The average size of the emulsion droplets exceeds 500 nm in diameter, which is outside the
resolution of the SAXSess instrument. Therefore, the characteristic Guinier region is absent in

the SAXS data. We are interested in the internal structure of these micro-organogel particles, but
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unfortunately the SAXS data is a complex convolution all of the many interfaces present within
the sample. Based on the known composition and densities, the SLD of all the components of the
micro-organogel can be calculated and their corresponding contrast terms with water for X-rays

can be calculated for each component (Table 5.1).

Table 5.1. Contrast terms for both SAXS and SANS for four components in the organogel

emulsions.
X-Rayvs Neutrons
SID=10°% [A* ASLD? =107 [A SID=10°% [A*] ASLD? <107 [A™
p-xylene 8.00 215 (D10)-p-xplene 586 0.03
H,0 950 0.00 (D25)-5DS 5.83 0.02
SDS 9.30 0.04 P3HT 0.69 24 88
P3HT 10.30 0.64 90.5% (D2)-H ; O 5.68 0.00

Based on this table, the greatest contribution to the SAXS intensity is coming from p-
xylene/water interface, where the interface of interest is the P3HT/p-xylene interface. Therefore,
we turned to SANS measurements. In neutron scattering, the SLD of a material is dependent on
their isotopic content instead of their electron density.*? Therefore by selective isotopic labeling,
it is possible to highlight certain regions of the material of interest. For our samples, we exploit
the fact deuterated water (SLD = 6.33x10°) and water (SLD = -0.56x107") have very large SLD
differences. Therefore, we can vary the contrast terms over a large range without effecting the
stability or structural characteristics of the emulsion. In order to minimize the scattering from
(d10) p-xylene/water interface and (d25) SDS within the sample, we performed a contrast
matching experiment with the bulk aqueous phase by varying H,O and D,0O content. A priori, the
SLD of deuterated p-xylene is known. However, because the scattering contribution from the
deuterated surfactant layer that decorates the outer edge of the oil droplet is not known, we
employed contrast variation on a p-xylene emulsion in order to determine the contrast match
point. The SANS scattering profiles taken at a single detector position of the emulsion are shown
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in Figure 5.9a as a function of bulk phase D,O content. To determine the match point, 1*2(0—0)
vs %D,0 is plotted in Figure 5.9b.* The linear trend shows that the majority of the scattering of

the sample comes from an object with a fixed average SLD otherwise this dependency would be

quadratic.
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Figure 5.9 a.) SANS profiles for p-xylene emulsion in d-SDS solutions with varying D,O/H,0
content, b.) Plot of 1*?(Q=0.003 A™) vs %D,0O which defines the contrast match point a
homogenous dispersion.

According to equation 5.2, at low-Q a plot of 1¥4(Q=0.003 A™) vs %D,0 in the aqueous phase

should be linear. As shown in Figure 5.9b, this is the case, and the contrast match point can be

determined as the x-intercept.

5.2 (IgiLr(l)(P(Q)S(Q))=1 . 1(0) = ¢V, ASLD?
Using this approach, the contrast match point was determined to be 90.9 vol% D,O in the
aqueous phase. The SLD value is very close to the value for (d10) p-xylene verifying that the
(d25)-SDS does not contribute significantly to the scattering intensity. As can be seen in Table

5.1, SANS measurements done at the contrast match point significantly enhance the sensitivity to
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the P3HT/p-xylene interface while nearly eliminating the contrast term for the oil/water interface
as compared to measurements made in SAXS. The same sample measured using the contrast
matched aqueous phase is shown in Figure 5.9. Even with SANS, the micro-organogel particles
are outside of the resolution limit of the instrument. Therefore, USANS was also performed on
these samples and the desmeared USANS data is combined with the SANS data to capture the
1(Q) vs Q behavior over the whole Q-range. From the SANS profile, it is clear that the samples

have three characteristic regions:

1.) Low-Q scattering dominated by the p-xylene/water interface.

2.) Intermediate-Q scattering dominated by the P3HT fibers contained within the emulsion
droplet.

3.) High-Q scattering dominated by the (100) Bragg peak from P3HT crystallites present
within the emulsion droplet.

To compare the effect of changing the network properties of the parent organogel structure on
the micro-organogel dispersions, we prepared four emulsions all with different wt% parent
organogels. The SANS data for these micro-organogels is shown in Figure 5.10a along with a
representation of the proposed structure for the gel particles. Figure 5.10a shows the scattering
profiles for the dispersions at each concentration scaled by volume fraction and shifted by a
factor of ten relative to the 3 wt% sample for clarity. Figure 5.10b shows the high-Q region of
the gel particle data plotted together with the SANS data from the corresponding bulk
organogels. At high concentrations, the high-Q regions of the gel particles and the corresponding
organogels align very well after scaling by the difference in concentration. This suggests that, as
expected, the nanofiber structure is maintained after the emulsification process that is used to
form the gel particles. In contrast, the 0.5 wt% and 1.0 wt% gel particle dispersions show some
significant deviation from the scattering of the ‘parent’ organogels. This observation could result

from the lower signal to noise ratio of the scattering in these samples but it may also indicate a
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modification of the structure due to the weaker nature of these networks. Figure 5.10.c shows the
proposed structure for gel particle when the network structure is retained (i.e. at high P3HT
concentrations).

The SAXS measurements shown in Figure 5.10.d also confirm that the crystalline structure of
the P3HT is retained in the gel particles. Specifically, the presence of the (100) Bragg diffraction
peak is evident for each sample. The other crystal peaks cannot be resolved because of the strong
background scattering signal from water at larger angles. Nonetheless, the peak position at Q =
0.375 A" corresponds to a plane spacing of 16.5 A that is consistent with the spacing between
alkyl chains in crystalline P3HT. Using the Scherrer equation (Equation 5.3) an estimate for the
average crystal domain size, 7, is possible, where 4 = 1.54 A and f is the FWHM obtained from
the Gaussian fit."*

53 r=_ 094

=

This size is estimated to be 7 =36 A for each sample except when the dispersion is formed from
the 0.5 wt% P3HT organogels. The low value for this micro-organogel particle is likely a result
of the high solvent background with respect to the scattering signal and not necessarily an
indicator of a significant change in the crystal size. The resulting values are consistent with the

known height of P3HT nanofibers."
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Figure 5.10. a.) SANS of gel particle dispersions prepared from bulk gels in 90.5 vol%
D,0/H,0 with 0.5 wt%, 1.0 wt%, 2.0 wt%, 3.0 wt% P3HT in the gel phase. Lines are power-law
and Guinier fits to the high-Q Porod region (Q™*) and the low-Q Guinier region respectively. b.)
High-QO region of overlaid SANS data for 3 wt% gel particles (open circles) and a 3 wt%
organogel (closed squares). Data are normalized by concentration. c.) Representation of
hypothesized structures of a gel particle. d.) WAXS data from gel particles with increasing P3HT
concentration in the gel phase from left to right. The Gaussian fits of the data are overlaid and d-
spacing and average crystal size from the Scherrer analysis is shown for each sample.

The most definitive evidence to support the hypothesis that the gel particles retain the network
structure of their ‘parent’ organogels comes from a direct comparison of the amount of solvent-
polymer interface in each sample. From the SANS data it is possible to directly quantify and
compare the porosity of the micro-organogel particles and their parent organogels without having
to assume any specific structural models. This is accomplished by calculating the total amount of

P3HT-solvent interface in the samples directly from the scattering profiles. The specific surface
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area,§, total area per gram of P3HT, is a quantitative measure of porosity related to the total

amount of solvent/solid interface in a sample. The specific surface area is calculated from the
Porod approximation and the volume fraction of P3HT determined using the invariant. Note that,
due to the initial creaming of large solvent drops right after emulsification, the volume fraction
of the remaining P3HT is not necessarily the same as that used for sample preparation. However,
because we have accurately determined the scattering length density of all the components, the
calculation of the invariant allows us to accurately determine the final P3HT volume fraction in

the micro-organogel dispersions.

The Porod approximation, shown in Equation 5.3 describes the scattering dependence at high-Q
when there is a sharp interface between two phases with different scattering length densities.
This expression is general and only requires the presence of a sharp boundary between two

phases with a constant scattering length density.'®

lim 1(Q)Q*
54 =22
27 (ASLD)

In equation 5.4, ASLD is the scattering length density difference between the P3HT and (d10)-
p-xylene ( SLD (410)-p-xylene = 5.7% 10° A2 and SLD pypr=1.1x10® A'z) and X is the total amount
of solid/solvent interface per volume of sample. It is possible to extract 2 for all of the samples
after fitting SANS data of the organogels and the micro-organogel particles between 1.2x10™" A™
>(0>4.8x107 A", The data 0 > 1.0x10" A is not included in the fit because the assumption of
uniform scattering length density breaks down. In this high-Q range, the crystalline lattice of
P3HT results in Bragg diffraction peaks.

The invariant, shown in Equation 5.4, is used to determine the total volume fraction of P3HT, ¢,

within each sample after sonication and particle formation.” This expression is also general and
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independent of the nature of the scattering object. It is also calculated directly from the SANS
profile. The integral in the calculation of the invariant must be evaluated from Q = 0 to Q = oo,
requiring extrapolation from the real data to low-Q and high-Q. The high-Q extrapolation is
achieved by extending the fit of the Porod region. This contributes ~20% to the total value of the
invariant for the organogels and ~13% for the micro-organogel dispersions. The extrapolation to
0O =0 is achieved using the Guinier approximation and it is found that its contribution to the final

value of the invariant is negligible.
55 Inv=[(1(Q)Q*)dQ =27 (ASLD)’ ¢(1-¢)
0

The final volume fraction of P3HT in the dispersions was determined for all samples by using
the value obtained from the integral and the known scattering contrast between P3HT and (d10)-
p-xylene. The volume fraction calculated for the bulk organogels were within ~ 5% of the
expected volume fraction from preparation. In contrast, the micro-organogel dispersions showed
a 10% increase in volume fraction that is attributed to the loss of solvent during the creaming

process. Finally, the specific surface area is calculated using Equation 4.5.

56 S, =2
v /pPSHT¢

The results of this analysis, applied to the micro-organogel particles and their corresponding
‘parent’ organogels, are shown in Figure 5.11. The specific surface area of the 3 wt% bulk
organogel is 620 m*/g P3HT and this value is relatively constant for all other bulk organogels.
For comparison, the average specific surface area obtained from the fit of the parallelepiped
model is 580 m*/g P3HT. This demonstrates that despite the relatively dense organogel network

observed in TEM, the surface area is still dominated by the fiber cross-section.
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Figure 5.11. Specific Surface Area (m?/g) versus wt% P3HT in the gel phase for the organogels
(solid circles) and gel particle dispersions (solid squares). The solid line corresponds to the
calculated specific surface area that is expected for solid spheres with radii equal to the Ry
determined by DLS.

In contrast, the values for micro-organogel particle dispersions show stronger concentration
dependence. With increasing P3HT weight fraction in the ‘parent’ organogel, the specific surface
area of the micro-organogel particles increases and become increasingly similar to the
organogels. This suggests that dispersions formed from stronger gels retain more of the network
structure from the ‘parent’ gels. The difference in specific surface area from the organogels to
the micro-organogel particles could be explained by a partial collapse of the network structure
for the weakest parts of the gels. To better understand the extent of network collapse, it is useful
to compare the calculated values to the specific surface area for solid spherical P3HT particles of
the same size. In this case, the specific surface area is dominated by the outer surface of the

particles. Equation 5.7 is used to estimate the specific surface area of the corresponding solid

from DLS results.

5.7 Sy snere = Z::P [%ppgm R )ﬂ
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The value is calculated by weighting specific surface area of each particle size by its volume
fraction. The results of this analysis show that the gel particles have a much larger interfacial
area than could be accounted for if they were comprised solely of solid particles. The large
values for the specific surface area and the fact that the P3HT contained within the dispersions
can be resolubilized upon increasing temperature (Figure 5.4.¢) show that the dispersions contain
true micro-organogel particles with an internal network structure comparable to their ‘parent’
organogels.

4.4 Characterization of Films produced from P3HT Organogel Emulsions

Using simple spray coating, we have produced uniform, densely packed thin films of gel
particles as shown in Figure 5.12. The SEM image shows that the dispersions form a porous film
upon coating. These films were produced without dialyzing excess surfactant from the solution.

Excess surfactant is clearly visible at the edges of the image in Figure 5.12.

Figure 5.12. SEM of 1 wt% gel particle dispersion spray-coated to form a thin-film on ITO
coated glass. Inset shows image of spray-coated gel particle film produced from a 1 wt% gel
particle dispersion.
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In order to assess the isotropy of crystalline domains within these films, GISAXS was performed
on spray-coated films and compared to an annealed P3HT/PCBM film spin coated from
chlorobenzene. Both profiles were measured at an incident angle of @; = 0.2° and are shown in

Figure 5.13.
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Figure 5.13. GISAXS images of 3 wt% gel dispersion coated onto glass substrate (left) and that
of a P3HT/PCBM blend coated on glass (right).

There are a number of wide angle features present in the GISAXS measurements of the films
made from spray-coated micro-organogel dispersions. SDS is still present during the coating
process and clearly aggregates. Its crystalline features are denoted by white arrows in Figure
5.13. It appears to aggregate into lamellae along the film’s surface and in the interstitial spaces
between the organogel dispersion particles. The P3HT (100) crystalline peak at Q=0.375 Alis
also present in the GISAXS pattern. The radial distribution of scattering intensity for a given
Bragg feature contained within a film relates to the distribution of crystalline domains within the
film’s volume. Comparing the (100) P3HT Bragg peak’s crystalline distribution of the
P3HT/PCBM annealed film to that of the organogel dispersion, it is clear that the organogel

possesses more uniform distribution of domains. Based on the GISAXS pattern, it is expected
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that hole-transport through the P3HT/PCBM would be highly anisotropic, with higher mobility
in the plane of the substrate compared to out of plane. The film made from P3HT organogel
emulsions would have superior transport out of the substrate plane, meaning that holes could
travel faster through the film thickness, potentially improving performance of solar cells where
charge transport limits performance.

4.5 Materials and Methods

Absorption and photoluminescence spectroscopy experiments were performed on the gel particle
dispersions after diluting the original samples to 0.5 vol%. Absorption spectroscopy
measurements were made from 300 nm to 1000 nm using a Thermo Scientific Evolution 300
UV-Vis spectrophotometer. Photoluminescence measurements were made in the range from 580
nm to 900 nm with a 550nm excitation using Photon Technology International (PTI) Inc. model
QM2001-4 Spectrofluorimeter. The samples were measured in a 10 mm quartz cuvette using
water as background. Dynamic Light Scattering (DLS) measurements were also performed on
these diluted samples using a Malvern Zetasizer NANO ZS instrument with a 178°
backscattering geometry. In order to obtain the volume distributions from the DLS data, intensity
weighted distributions obtained using a non-negatively constrained least squares (NNLS) fitting
algorithm were transformed to volume distribution using Mie Theory and the known index of
refraction of the samples. Viscosity measurements were performed using an Anton Paar
Rheometer (MCR 301) with double-gap concentric cylinder geometry (26.7 mm OD and 24.7
mm ID bob / 0.92 mm gap size/40 mm length). A step shear rate ramp was applied over a range
of 0.001 s™' to 1000 s™'. Transmission Electron Microscopy (TEM) was performed on the 3 wt%
bulk organogel using an FEI Tecnai TEM. The images were collected using high angle annular

dark field (HAADF) scanning TEM mode with a single tilt holder with 0.18 nm resolution.
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Scanning Electron Microscopy (SEM) was performed using an FEI Sirion SEM on a thin-film
prepared by spray-coating a gel particle dispersion onto glass coated with indium-doped tin
oxide. The film was sputtered with a thin-layer of gold to prevent charging.

Small angle neutron scattering (SANS) and ultra-small angle neutron scattering (USANS)
measurements were performed at the National Institute of Standards and Technology Center for
Neutron Research in Gaithersburg, MD. SANS measurements were performed on the NG3 30
meter instrument using detector distances of 1.3 m and 7 m with a neutron wavelength of 5 A
and at 13 m with a neutron wavelength of 8 A to cover a broad Q-range (0.001 A" <0< 0.5 A’
"). USANS measurements were performed on the BT5 perfect crystal diffractometer further
extending the measured q range to beyond 0.0001 A™'. USANS data was reduced and desmeared
using the NIST IGOR Pro Macros.*® Contrast matching of the organic solvent and the continuous
phase was used to highlight scattering from P3HT contained within the gel particle particles (i.e.
the scattering contribution from the oil and water interface was eliminated). This was
accomplished by varying the H,O/D,0 ratio in the continuous phase of the dispersions until the
scattering length density matched the value of deuterated p-xylene. In this way it was possible to
examine the P3HT structure within the gel particle particles. The contrast match point for (d10)-
p-xylene was determined experimentally to be 90.5 vol% D,O in the bulk phase. This
corresponds to a scattering length density of 5.68x10° A2, The scattering length density of
P3HT was also determined experimentally by varying the hydrogenated and deuterated content
of p-xylene in a series of otherwise identical 0.85 + 0.03 vol% organogels after one day of
gelation time. The scattering length density of P3HT within the gel phase was determined to be
8.78x1077 A corresponding to a mass density of crystalline P3HT of 1.43 g/cm’. This value also

agrees well with measured densities obtained from dilute nanofiber dispersions. Small angle
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neutron scattering (SANS) measurements were performed on ‘parent’ organogels of 3.0, 2.0, 1.0,

and 0.5 wt% and on the corresponding gel particle dispersions. The SANS data was normalized

to an absolute scale by measuring the incident neutron flux and was also corrected for

transmission and empty cell scattering. The data is presented as the absolute intensity versus Q.
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Chapter 6. Structural Characterization of Composite Nanoparticles

Aqueous dispersions of semiconducting nanoparticles have shown promise as a robust and
scalable platform for the production of efficient polymer/fullerene active layers in organic
photovoltaic applications. Semiconducting nanoparticles are a composite of both an n-type and
p-type semiconductor contained within a single nanoparticle. In order to realize efficient organic
solar cells from these materials, there is a need to understand how the size and internal
distribution of materials within each nanoparticle contributes to photocurrent generation in a
nanoparticle derived device. Therefore, characterizing the internal distribution of conjugated
polymer and fullerene within the dispersion is the first step to improving performance. To date,
study of polymer/fullerene structure within these nanoparticles has been limited to microscopy
techniques of deposited nanoparticles. In this chapter, we use contrast variation with small angle
neutron scattering to determine the internal distribution of poly(3-hexylthiophene) and [6,6]
phenyl-Cg;-butyric acid methyl ester inside the composite nanoparticles as a function of
formulation while in dispersion. Based on these measurements, we connect the formulation of

these nanoparticles with their internal structure.

6.1. Stuhrmann Analysis: Contrast Variation Neutron Scattering for Inhomogeneous Dispersions
The structural interrogation of inhomogeneous nanoparticles, composed of more than one
component with unique scattering length densities, using small angle scattering have typically
been limited to particles with an axisymmetric distribution of scattering length density.' There
are a great number of examples of particles that fall into this category including surfactant
micelles, nanoparticles decorated with polymer brushes, and vesicles.>” The scattering profiles
for these particles are frequently treated using infinitely thin shells with unique contrast terms

constructed such that they reproduce the radial variation of scattering length density.** The
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overall structure can then be described by the form factor of each shell multiplied by the phase
factor that accounts for their relative separation.® This simple analytical approach cannot be used
to describe the scattering of particles with eccentric inhomogeneities (e.g. egg-yolk particles) or
those with domains whose center of mass does not correspond to the particle’s center of mass
(e.g. Janus particles).” For such particles, limited analytical treatments exist to adaquately
describe their scattering profiles, and thus model independent approaches have been primarily
used.®

This is also the case for the scattering of complex protein assemblies. Often protein domains are
distributed non-uniformly throughout the particle’s volume. In order to obtain an adequate
description of the particle’s shape, Stuhrmann developed a general model-independent approach
to characterize internal inhogeneities using contrast variation.”'’ Contrast variation is commonly
applied in small angle neutron scattering (SANS) because partial or full deuteration can be used
to selectively highlight regions of a material without significantly changing its chemical
characteristics. By measuring the same protein in solutions with varying amounts of H,O and
D,0, Stuhrmann demonstrated that the dependence of scattering intensity for any

inhomogeneous particle can be decomposed into separate terms as shown in Equation 1.

6.1 1(Q,SLD)=1,,(Q)+ASLDxI . (Q)+ASLD?x 1, (Q)
where ASLD = (SLD,, —SLD,,)

For homogenous particles without internal inhomogeneities, /(Q) is the product of the form
factor P(Q) and the structure factor S(Q). In most cases, measurements are made in dilute
solution so as to minimize interactions between particles so that S(Q) — 1 and the scattering
profile is dominated by P(Q).”’12 A large number of analytical form factor models for

homogenous particles exist to predict the scattering profile."> ™"

For inhomogenous particles, the
scattering profile is a function of the overall particle’s shape, /x(Q), the shape function of its
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inhomogeneities, /;5(Q) and a structural correlation term, /cs(Q). Taken together, these functions
reconstruct the scattering from the entire particle.

In this description, the scattering from an object with average scattering length density, p,, has a
quadratic dependence on contrast between the object and its solvent, 4p. By measuring the
sample in at least three different solvent contrasts, the terms in Equation 6.1 can be fit at every Q
value to the known contrast term and the constituent basis functions (Iz(Q), Liu(Q), 1.s(Q)) of the
shape can be recovered. In principle, the form factor of the object is thus separated from the form
factor of the inhomogeneities and the basis functions can now be fit independently using
analytical models for homogenous particles.

Despite the power of this description, it often proves difficult to identify adequate analytical
models for the basis functions. This was found for proteins where the complex shape is
determined by the secondary and tertiary structure and not known a priori. It is also true in the
case of polydisperse composite nanoparticles. In order to obtain information about samples
whose basis functions cannot be fit with analytical form factor models, Stuhrmann derived
Equation 6.2 to describe the dependence of the radius of gyration (R,) on contrast. Stuhrmann

derived the quadratic dependence of R, of a particle on the inverse of the ASLD.

2_p2,q _p
62 RI=R'+%/ ASLDZ

In Equation 6.2, R, is the radius of gyration of the particle at infinite contrast (i.e. if it were
homogeneous), a describes the relative distribution of scattering length density radially from the
particle’s center of mass, and £ is measure of the distance of the center of mass of the particle to
the center of mass of its heterogeneous components. In effect, the overall shape of the particle is

described by R. and the distribution of inhomogeneities by a and f. The result of this analysis
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showed that a plot of Rg2 as a function of //4SLD is a unique fingerprint that can be used to
identify materials by their average distribution of internal inhomegeneities. "

To date, the approach developed by Stuhrmann has been primarily applied to proteins.
Here we extend it to describe composite nanoparticles comprised of conjugated polymers and
fullerenes. These nanoparticles are being developed as the active component in organic

118 1n this application the distribution of polymer and fullerene domains internal

photovoltaics
to the particle is expected to have a significant influence over the photovoltaic performance of
devices derived from them. Because of the production process of these particles, they are
generally spherical but somewhat polydisperse in size, and a large variety of potential structures
can be anticipated (e.g. core-shell, heteroaggregates, and Janus particles)."”?’ Because
appropriate analytical models for eccentric particles are relatively limited, we propose that the
method developed by Stuhrmann is a simple and more versatile approach to characterize the
complex structure of these dispersions. In order to gain physical insight into the Stuhrmann
behavior of these complex structures, we first calculate the scattering profiles of model particles
to develop suitable ‘fingerprints’. To do this, we developed a simulation tool that directly
calculates the scattering pattern from a real space representation of the object. Using this
approach, the scattering profiles from several anticipated structures are modelled directly as a
function of solvent contrast. From these profiles, Stuhrmann plots, Rg2 versus 1/4SLD, are
constructed. Comparing the Stuhrmann plots of modeled particles to those that we have
measured demonstrates the simplicity and utility of the Stuhrmann approach particularly when
coupled with the real space modeling tool. While the techniques developed here are applied only

to composite conjugated polymer/fullerene nanoparticles, they are described generally and are

therefore applicable to any particle comprised of more than one component.
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6.2. Implementation of Stuhrmann Analysis to real particles
To obtain Stuhrmann plots for inhomogeneous particles, the traditional Guinier approximation is

modified to include the explicit dependence of R, and /(0) on Ap (Equation 6.3). H

6.3 1(Q)=1(0)exp (QR, (5LD)) K

By fitting Equation 6.3 with the implicit inclusion of Equation 6.2 simultaneously for each
solvent contrast, the weighted error at each contrast is combined to obtain the best fit. From this
fit, a, B, and R, are determined directly.

SANS experiments were performed to validate that this approach can characterize real
polymer/fullerene composite nanoparticles. The particles are produced through an emulsification
process that can lead to both polydisperse distributions in both particle size and shape. Therefore,
these particles have proved difficult to fit using analytical core/shell models. Figure 6a shows the
scattering profiles of a D,,,=120 nm P3HT/PCBM (PDI=0.2 as determined by DLS) latex
dispersion produced by emulsifying a P3HT and PCBM with a 1:1 wt ratio in chloroform. SANS
measurements were then carried out on identical samples for each of the contrast values and the

data is fit at low Q using Equation 6.5.
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Figure 6.1. a.) Scattering profiles from P3HT/PCBM composite nanoparticle along with the fit
to Equation 5, b.) Stuhrmann plot derived for the nanoparticle dispersion shown in a.) The inset

highlights the region of contrast where the measurement was made.

From the Stuhrmann plot, it is evident that this dispersion is inhomogeneous as indicated by the
fact that there is a dependence of the R, on SLDy,,. For simplicity and so that particles of
different size and SLD,, can be appropriately compared, the Stuhrmann plot is normalized by the
fitted value of R; and the SLD;,;, made dimensionless to mimic the form given in Equation 6.1.
From the fit, o =-0.05, which implies that the lower scattering length density component is
farther from the center of mass of the particle. The R, value fit for this sample was 54.3 nm and
the fitted of § = 1.32x107'? is effectively zero. The relatively small value of a suggests that there
is likely some PCBM dispersed within the P3HT rich shell, consistent with the finite solubility of

PCBM in P3HT, and these particles are on average core-shell.*’
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Figure 6.2. Model for structure formation predicted by Loxley based on the relative wettability
of oil/water interface on solidifying phases within an oil droplet.
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Composite nanoparticles formed through the removal of solvent from an emulsion are expected
to exhibit a wide range of internal morphologies depending on the method of production as
depicted in Figure 6.2.22% As elucidated by Loxley et al, the phase segregation of non-volatile
components in an emulsion as a volatile oil is removed is a function primarily of the relative
wettability of the solvent to the oil-water interface.' As oil is removed from the emulsion, solid
phases of the polymer/fullerene components begin to form within emulsion droplets and can be
sufficiently mobile that they can migrate inside the drop. The propensity of the solvent to wet the
oil-water interface and the maximum solubility of each component in that particular solvent will
ultimately determine the internal distribution of components in the particle. For such systems, a
number of possible structures could form: core-shell particles, occluded, Janus, and uniform. In
order to predict the scattering patterns from the great degree of structural diversity that we
anticipate, we must turn to Monte Carlo modeling, a method that allows the calculation of the
contrast dependent scattering profile for any object that can be represented in a voxelgram.

6.3. Monte Carlo Representation and Calculation of Scattering Profiles

The real space voxelgram of a particle is constructed in a custom written set of macros using the
programming software IGOR Pro from Wavemetrics. It was developed to accurately calculate
the scattering intensity in absolute scale from a user defined particle of arbitrary internal
complexity and shape. In order to construct a representation of the the particle, a series of
‘if...then’ statements are used to specify the position of internal components of a particle in a
voxelgram, a uniformly spaced lattice of dimension (NxNxN). Based on the desired structure,

each point on the lattice is assigned a scattering length density value, SLD, in A™.
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Figure 6.3. 50 vol% conjugated polymer core/50 vol% fullerene shell nanoparticle (R = 50nm
with 1.5 nm surfactant layer), a.) Lattice representation, b.) Monte Carlo Sampling of Lattice,
and c.) binned p(7) calculated for core-shell nanoparticle where SLD,, = 3.0x10° A along with
the radial distribution of scattering length density. Monte Carlo representation is colorized by
ASLD.

Figure 6.1a shows a lattice representation of a core-shell particle. Once the real space model is
constructed, it is in principle possible to directly calculate its scattering profile. The computation
time scales with &°, and therefore Monte Carlo sampling is utilized to calculate this with fewer
points than required to represent the entire particle structure. Efficient Monte Carlo sampling
techniques have been developed previously to directly calculate the scattered intenstiy from a

real space representation of a particle.”* Monte Carlo sampling is carried out using the random
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number generator available in Igor Pro. Random numbers are generated for x, y, and z
coordinates within the box volume. These coordinates are rounded to the nearest lattice point.
The whole box volume is sampled, but the code rejects elements where SLD;=SLD;,;,. Sampling
continues until the total number of points generated reaches a specified value. Each domain with
a unique scattering length density is sampled a number of times that is directly proportional to
the relative volume fraction of that domain within the particle volume as shown in Figure 6.3b. If
k is the total number of Monte Carlo points, then in one iteration //2*k(k-1) point-pair distances
are calculated. Averaging multiple iterations provides a means to estimate the precision of the
calculation. For the calculations performed here, at least 10° point pairs were binned into the
histrogram to obtain sufficient precision. The accuracy of the calculation is dependent on the
total number of points selected and therefore, a minimum number of Monte Carlo points is
required to accurately represent the smallest volume fraction domains contained within the
particle.

In order to calculate the scattering profile, the point-pair distances are used to bin the product of
ASLD; and ASLD; into a histogram whose size spans the box size. Ultimately, the binned
histogram is normalized such that Equation 6.4 is satisfied and p(r), the pair distance distribution
function, 1s recovered.

© N 2
6.4 1(0)= [ p(r)dr :¢partvi{2(SLDi ~SLD, )vi
0 part L i

Here ¢, 1s the volume fraction of particles in solution, V), is the volume of the particle, and V;
is the volume of element i. The normalized p(r) histogram for a core-shell particle is shown in
Figure 6.3c. After the normalization of p(r), the scattering intensity in absolute scale can be

numerically determined by integration over a specified O-range using Equation 6.5.""
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T sin(Qr)
6.5 |(Q)_jp(r)—Qr dr

0
Using this approach, structures of arbitrary complexity can be generated and because of explicit
inclusion of SLDy,;, the effects of varying solvent contrast can be assessed. Validation that this
approach accurately reproduces the scattering intensity of a core-shell particle in absolute scale is
shown in Figure 6.4.'"* In both the model and the direct calculation, a realistic incoherent

background is added.
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Figure 6.4. Comparison of core-shell model of a P3HT/PCBM latex calculated using the

analytical expression implemented in SASView and the scattering pattern derived from the
Monte Carlo calculation implemented in IGOR Pro.

At low-Q, the direct calculation method exactly reproduces the scattering from the analytical
model. At high-Q, the calculation deviates slightly from the model. This is a result of the use of a
lattice of finite size to represent the particle. Higher accuracy is possible at the expense of
computation time through the use of a finer lattice. The accuracy of this method is adequate to
apply the Guinier approximation without introducing error. For homogenous particles, when

scattering profiles are obtained at sufficiently low-Q (OR, < 1) the plot of In(I(Q)) vs. QZ is
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linear. Fitting to the Guinier approximation allows extraction of values for /(0) and R,, where R,
is independent on solvent contrast (homogeneous particle).

6.4. Stuhrmann Plots as Fingerprints for Structure

Based on what is known from Loxley’s theory predicting phase segregation of solidified
components within a liquid droplet, a large number of theoretical structures were generated and
their Stuhrmann plots derived. Five representative structures are depicted in Figure 6.5 with the
simulated scattering profiles at different contrasts and corresponding incoherent backgrounds
added. The corresponding Stuhrmann plots are also shown for each model constructed from the
fitting results of Equation 6.3. For simple comparison, the fitted Rg2 values are normalized by
dividing by R.” and the x-axis is also normalized by multiplying by p,. This is convenient way to
represent the Stuhrmann plot as it eliminates size and average contrast effects from Stuhrmann
representation, allowing for direct comparison of particles that have different sizes, structures

and contrast.
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Figure 6.5. Calculated scattering profiles at 5 different contrasts for five different shapes - left to
right (“Janus”, core-shell (P3HT core), core-shell (PCBM core), uniform, and occluded) with
corresponding Stuhrmann plots and lattice representations. Coloration of pixels correspond to the
scattering length density assigned to that pixel with black corresponding to SLD=0.0x10"° A~
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and white SLD=6.3x10"° A, The simultaneous Guinier Fit to Equation 6.3 is plotted as a solid
line for each contrast.

As is evident from Figure 6.5, the Stuhrmann plots of axisymmetric particles (core-shell,
uniform, occluded) are linear due to the center of mass corresponding directly to the center of
scattering length density. The only particle simulated here with a non-zero S is the Janus
nanoparticle. This results in a parabolic Stuhrmann plot. For the two core-shell particles, £ is
zero and the value of « is determined by the radial distribution of higher and lower scattering
length density domains. If P3HT is at the core of the nanoparticle, then « is positive. If P3HT is
in the shell of the nanoparticle, then a is negative. It is expected that if a particle has a uniform
distribution of material throughout the nanoparticle, then both a and f are zero. This should be
the case for both the uniform nanoparticle which is simulated to possess no explicit heterogeneity
and the occluded nanoparticle where small nuclei have formed in the interior. However, both
show a small, but finite slope. This is a result of the explicit inclusion of surfactant shell in the
model, which means that all of the particles simulated will show a small amount of
heterogeneity. The value for a is small because the contribution of the surfactant to the overall
nanoparticle size is very small.

These simulations demonstrate the utility of the Stuhrmann plot in identifying key structural
features of nanoparticle dispersions without any a priori knowledge about the sample. This
information is not only valuable in being able to identify an appropriate model to fit a sample
measured at multiple contrasts, but also underlines the fact that for inhomogeneous
nanoparticles, measuring the sample at multiple contrasts is critical to being able to uniquely
identify its structure. As shown in Figure 6.6a, when contrast between the continuous phase and
the particles is large, the scattering from particles that are the same size and average SLD but

different internal structures are almost indistinguishable. However, near the contrast match point,
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Figure 6.6b, there are clear differences in the scattering patterns that arise from the distinct

differences in form factor of the internal inhomogeneities.
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Figure 6.6. Simulation of different nanoparticles (R=50 nm with 1.5 nm surfactant layer,
SLD,=2.8x 10° A'z) - Janus, Core-Shell, and Uniform at a.) SLDy,;, = 6% 10° A'Z, and b.) SLD;,y,
=3x10° A~

Another valuable aspect of the use of the Stuhrmann plot is that it is not restricted to
monodisperse nanoparticles. Stuhrmann plots of polydisperse core-shell particles with a
Gaussian distribution of particle radii but with identical internal compositions are plotted in
Figure 6.7a as well as for particle compositions having a fixed particle radius but variable
internal compositions, Figure 6.7b. In Figure 6.7a, as the particle size distribution changes with a
fixed internal composition, the normalized Stuhrmann representation does not change. This is a
direct result of the normalization of the Stuhrmann plot with respect to R.. Effectively, when
normalized by length scale, the distribution of scattering length density is the same regardless of
particle radius. Figure 6.7b shows the simulated Stuhrmann plots for particles with a fixed size
and distribution of internal composition. In this model, it is assumed that the P3HT and PCBM
domains are pure phases and therefore, when the composition changes, the core/shell ratio

changes accordingly. The model is constructed such that the average composition of all three
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dispersions is the same, but the distribution of composition varies and can even include samples
with pure P3HT or pure PCBM. As the PDI increases, the value of a systematically decreases.
Nonetheless, even for relatively large PDI values, the Stuhrmann plot correctly predicts the
distribution of material within the particle with P3HT on average being located in the core as

shown by the positive value of a.

4 1.0 4 1.0 1
0.8 08
3| 06 3F 0.6
0.4 0.4
0.2 0.2
Y= 2} o0 ' ) “— 2} o0
o ; o/ PDI=0.0 o vt PDI=0.0
e qf MYV ppion| &€ af Swr0@D T n
/| —PDI=02 ——PDI=0.2
0 // PDI=03 ok // PDI=0 3
20 -0 0 10 20 20 -0 0 10 20
a.) SLD,/(SLD,-SLD,,) b.) SLD,/(SLD,_-SLD,,;,)

Figure 6.7. Stuhrmann plot of P3HT/PCBM core/shell particles with P3HT in the core that have
a Gaussian distribution of a.) P3BHT/PCBM radius, and b.) internal composition, SLDpqrt.

6.5: P3HT/PCBM CNPs: A model for structure

Four different dispersions were prepared with different methods and measured at five different
contrasts in order to obtain similar Stuhrmann plots from a diverse set of nanoparticle
formulations, Figure 6.8. The particles all have a constant 1:1 P3HT to fullerene weight ratio and
a similar average particle size. Different particles show varying degrees of dependence of the
radius gyration on the changing contrast of the aqueous phase. The sample in Figure 6.8a was
prepared by dissolving P3HT and PCBM in chloroform. Based on the Stuhrmann plot, this
formulation results in a core-shell particle where P3HT is enriched in the shell due to the

negative o value and f=0. This also agrees with the recently published findings using X-ray
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composition imaging for particles by Ulum er al.”> The sample in Figure 6.8b is a 1:1
P3HT/fullerene latex where the fullerene phase has 5 wt% Cgp and 95 wt% PCBM. In chapter 4,
we discuss the effect of the addition of Cg to the fullerene phase of P3HT/PCBM composites.
This has shown that Cg nucleates the growth of PCBM.?® We hypothesized that this would also
alter the extent of phase segregation within the particle. This particle formulation shows a
structure characteristic of eccentric or anisotropic phase segregation based on the quadratic
dependence of the Stuhrmann plot. From the results shown in Table 6.1, £ is large and « is also
large and positive. This indicates that PCBM is preferentially segregated to the shell of the
particle, and that the center of mass of the fullerene phase does not coincide with the center of
mass of the particle. The presence of a relatively small amount of Cg is shown to have a
significant influence over the distribution of PCBM within the particle volume. The samples in
Figure 6.8c and Figure 6.8d correspond to the “postgel” and “pregel” respectively. The “postgel”
sample displays a similar quadratic profile to the P3HT/PCBM/Cg latex, suggesting the particle
is eccentric. However, for these particles there is a smaller f value and a large, negative a value.
On average, these particles have an enriched P3HT shell with an eccentric distribution of internal
components. As shown in Figure 6.8d, the “pregel” sample shows almost complete uniformity

because o is zero and S is also very small.
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Figure 6.8. Upper: SANS profiles for each sample measured at 5 unique contrasts and
corresponding the Guinier fits (solid line). Lower: Stuhrmann plots of Rg2 v SLD,,/ASLD for a.)
50/50 P3HT/PCBM latex dispersions, b.) P3HT/PCsBM/Cg dispersions, c.) 50/50 P3HT/PCBM
postgel and d.) 50/50 P3HT/PCBM pregel.

Based on our previous work, this indicates that the porous and uniform organogel structure is

preserved even when formed in the presence of PCBM.

Table 6.1. Stuhrmann analysis results for P3HT/fullerene SNPs with variations in method of

preparation.
50/50 CHCl, PCBM/Cg, CHCI; Toluene Postgel Toluene Pregel
1PaHT 58% 57% 58% 55%
SLDpar (A% 2.52x10° 2.57x10° 2.67x10° 2.74x10°
o -0.016 0.066 -0.066 -0.002
p 1.32x10™ 8.54x10°® 3.20x10° 2.70x10°
R. (hm) 54.2 51.4 49.4 61.5

These results verify that it is possible to form a variety of structures based on the method of

nanoparticle preparation. This is not surprising considering the complex behavior shown in

P3HT/PCBM thin-film composites.”” > Changing the method or the relative composition of
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materials affects not only photovoltaic performance, but also fullerene aggregation from the
disordered regions of the P3HT matrix. The specific internal structure directly influences the
amount of interface that is available for exciton dissociation and also the percolation of these
phases for effective charge transport. Efficient bulk heterojunction structures balance the total
available interface for exciton dissociation with the formation of efficient charge transport
pathways to the external electrodes. Considering the extension of this insight to a
polymer/fullerene SNPs, it is likely desirable for domains within the nanoparticle to be uniformly
distributed and interconnected. The “pregel” sample is the only dispersion that appears to have a
uniform distribution of P3HT and PCBM throughout the nanoparticle’s volume. Understanding
how particle formulation determines the internal structure is therefore critically important to
make SNPs that are likely to yield efficient active layers and devices. To investigate this point
further, dispersions of P3HT/PCBM were prepared from chloroform with a fixed size but with
varying P3HT/PCBM ratio. The scattering profiles and the Stuhrmann plot for each particle are

shown in Figure 6.9.
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Figure 6.9. Upper: Scattering profiles with corresponding Guinier fits (solid lines) for composite
P3HT/PCBM nparticles created from chloroform as a function of composition a.) 30/70
P3HT/PCBM, b.) 40/60 P3HT/PCBM, c.) 60/40 P3HT/PCBM, and d.) 70/30 P3HT/PCBM.

Lower: Stuhrmann plot corresponding to each particle.

As the P3HT content of the particle increases, the value of « increases eventually switching from
negative to positive. This implies that the particles tend toward increasing uniformity as P3HT
content is increased. It is also surprising that even in P3HT deficient particles, P3HT is enriched
in the shell. During the removal of solvent from the emulsion droplet, the largest concentration
gradients occur near the shell. P3HT and PCBM have comparable solubility in chloroform so it
is expected that for PCBM rich particles, PCBM would be the first species to supersaturate.
Therefore, either P3HT has faster nucleation and growth kinetics than PCBM or PCBM is
preferentially segregated to the core of the particle. For P3HT rich particles, o is small and £ is
large, suggesting that these particles are eccentric. Based on this degree of eccentricity, the
center of mass of the particle is displaced from its center of scattering length density by ~10% of

its radius. The presence of varying amounts of surfactant at the SNP/water interface can account
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for the slight variations in SLD,,, from the expected values as a function of composition.
Generally, however, the particles show a decrease in SLD,,, with increasing P3HT content, an
expected effect of changing the composition of the SNP.

Table 6.2. Simultaneous fitting results from Stuhrmann analysis for PSHT/PCBM SNPs as a
function of composition.

30/70 40/60 50/50 60/40 70/30
Hp3HT 36% 46% 58% 66% 76%
SLDpa (A% 3.30x10° 3.39x10® 2.52x10°  2.68x10°  2.27x10°
a -0.15 -0.08 -0.02 -0.05 0.05
i 0.00 0.00 1.32x10%  2.80x10®  2.30x10°®
R. (nm) 52.8 57.0 54.2 57.1 57.0

Based on the results presented, it is possible to hypothesize a mechanism for how the specific
morphology of SNPs results from any given preparation method. As organic solvent is removed
during the evaporation phase of the particle preparation process, soluble components are
enriched in the emulsion droplet. Once supersaturated, nucleation and growth of P3HT and/or
PCBM rich phases can occur. In an emulsion droplet, nucleation could either be dominated by
heterogeneous nucleation at the oil/water interface or by homogenous nucleation in the bulk
phase of the emulsion droplet as depicted in Figure 6.10. If nucleation occurs primarily through a
heterogeneous mechanism at the oil/water interface, a shell forms that would, upon full removal

of solvent, result in a core-shell particle.”
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Figure 6.10. Schematic diagram of the segregation of components internal to an emulsion
droplet during the removal of oil. The dark colorized regions are the PCBM-rich phases and the
lighter colors are P3HT rich phases.

If homogeneous nucleation is dominant, then the relative migration of polymer and fullerene
phases within the droplet will determine the ultimate distribution of internal components. The
migration of these phases will be determined by the preference of the solvent for the oil/water
interface. The removal of solvent from the emulsion phase occurs at the oil/water interface where

it can dissolve into bulk water, be incorporated into the hydrophobic core of micelles in solution,
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and be brought to the surface of the emulsion and evaporate. The structure of the SNP is
therefore determined in part by the rate of diffusion of P3HT and PCBM domains to the core or
the shell (depending on affinity) of the emulsion. Since fast solvent removal from emulsion
droplets can effectively arrest these processes, it is unlikely that truly equilibrated structures are
forming at all times. This is particularly true for dispersions prepared from chloroform solutions
where the typical time for complete removal of solvent is just a few minutes. Arrested particle
migration caused by rapid solvent removal can account for the formation of eccentric particles.
The value of using the P3HT organogel is that gelation of the solution prior to emulsification
hinders migration of the internal components during the removal of solvent. Because the P3HT
organogel spans the entire volume of the emulsion droplet, the resulting internal components
remain uniformly distributed in the resulting SNP.

Without the use of Stuhrmann analysis to describe the SANS data from these particles, it would
have been difficult to gain information about their internal structure. This can be understood
when we examine the DLS and SEM data for each of the particles in this study shown in Figure
6.11. From the DLS data, it is clear that while it is possible to control the average diameter of the
particles, there is in some cases a large distribution of particle size. Also, in some cases, the
particles deviate from spherical structures and take on ellipsoidal shapes. Therefore, any
analytical form factor model would need to have multiple dimensions of polydispersity just to
describe the homogenous component of the scattering profile. Then the internal structure of the
particle would have to be parameterized as a function of the homogenous shape function. Clearly
the number of parameters that this would require would make extracting quantitative information

from such a model very uncertain. Stuhrmann analysis ignores these details and provided a direct
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probe of the inhomogeneous component, which is the component of the scattering profile that is

most desirable from the perspective of design of these particles.
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Figure 6.11. DLS and SEM data for all the PSHT/PCBM SNPs used in this study. From these
results it is clear that the particles are polydisperse in both size and shape, making Stuhrmann

analysis necessary.

6.6: Extension of this analysis to other SNP systems

The information that can be extracted from the approach outline in chapter 6.6 is not limited to

only to parameters a, S and R.. In fact, as long as the SLDsy, is known at every contrast

measured, then it is possible to extract more quantitative measurements including the radial

distribution of material within the particles, the total interfacial area of heterogeneities within the

particles, and the average contrast of the materials (and therefore their densities). To test this
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theory, we prepared identical particle dispersions using the latex approach with chlorobenzene as
a solvent. This time instead of sonication, the emulsions were passed through an extruder with
100 nm pore size. Emulsions prepared in this way will have average diameters of ~150 nm. This
means that for typical particle loadings (10 mg/mL polymer and 18 mg/mL fullerene) the
resulting CNP particle diameter should be ~36 nm. Therefore, we prepared identical emulsions
containing a variety of polymers and fullerene species as well as solids content to expand our
understanding of phase segregation and its relationship to the polymer and fullerene
characteristics. The results of the Stuhrmann analysis for this data are shown in Table 6.3.

Table 6.3. Stuhrmann Analysis for CNPs produced by emulsifying using 100 nm Extruder.

Poly Fullerene  SLDpat (A% dswiic Rprea B)  Rpart (A) a p
RR-P3HT PC¢:BM 2.93E-06 3.02% 22.6 22.1 0.050 3.0E-09
RR-P3HT PC;1BM 2.85E-06 1.42% 17.6 15.2 -0.001  3.63E-09
PCDTBT PC;1BM 3.15E-06 1.48% 17.8 18.5 -0.004  8.80E-10

Rrand-P3HT PC;1BM 2.99E-06 1.33% 17.2 17.4 0.001 0.0
PBTTT PC:1BM 2.85-06 1.42% 17.6 17.8 -0.002  8.80E-10
PIDT-PhanQ PC,1BM 3.41E-06 1.36% 17.3 17.0 -0.002 0.0

Based on these results, it is possible to determine the scattering length density of all of the pure
components within the particles and these are summarized in Section 6.7 in Table 6.4. Further
we can see that the particles made with chlorobenzene generally have very small magnitude of a
suggesting a uniform radial distribution of material. However, the relatively large £ values for
RR-P3HT, PCDTBT, and PBTTT suggest that these particles segregate to form eccentric
particles. An additional interesting observation is the change in sign of o for identical particles
containing PC7.BM and PCgBM. This is a clear indicator that the general tendency for
P3HT/PCs;BM particles to form P3HT shell particles is not universal for all polymer/fullerene

nanoparticles. It is also possible to determine the average thickness of the d-SDS shell that
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contributes to the scattering profile, which is Lysps = 3 A. This value is derived from the known
adsorption properties of SDS onto the polymer/water interface and confirmed by the contribution
of this adsorbed layer to the average scattering length density of the particles, and is consistent
with a low-density surface coverage of surfactant.** With this information, further analysis is
possible using the basic functions defined in Equation 6.1 in order to obtain length scale of
fullerene aggregates within the nanoparticle and the relative amount of polymer/fullerene
interface.

6.7 Materials and Methods

The poly(3-hexylthiophene) (P3HT) was Sepiolid P100 grade purchased from Rieke Metals
(Lincoln, NE). The [6,6] phenyl-C60-butyric acid methyl ester (PCBM) was purchased from
SES Research (Houston, TX). The deuterated sodium dodecyl sulfate (d-SDS) was used as
received from CDN isotopes (Quebec, Canada). P3HT/PCBM particle dispersions were
produced by dissolving known amounts of P3HT and PCBM into chloroform. The organic
solution was then emulsified in a 40 mM d-SDS aqueous solution using a Branson Sonifier 450
at 70% intensity for 15, one second pulses with 1 second delay between each pulse. The resulting
emulsion was then placed in a 10 mL round bottom flask and stirred under vacuum at room
temperature to remove the chloroform from the emulsion. This process resulted in stable
composite nanoparticles containing the desired ratio of P3HT/PCBM. The dispersions described
here had a 1:1 P3BHT/PCBM mass ratio corresponding to 57 vol % P3HT. The average particle
size of the composite nanoparticles can be changed by modifying the total solids content of the
solution. Here, we created dispersions using 40 mg/mL total solids resulting in composite
nanoparticles with an average hydrodynamic radius of 65 nm measured using dynamic light

scattering (Malvern ZetaSizer). The final concentration of solids in the solution was corroborated
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using thermo gravimetric analysis (TGA). The P3HT/PCBM ratio was also verified by re-
dissolving a dried dispersion into a good solvent, obtaining the absorption spectra from these
solutions, and using the known extinction coefficients to determine the total content of each
component. All solutions have the same total P3HT/PCBM solids content (¢ = 0.25%) and a
uniform d-SDS concentration. After dialysis of the excess d-SDS (needed for efficient
emulsification) to a solution of 5 mM d-SDS, the five different contrasts were prepared by
diluting the stock dispersion into solutions of varying H,O/D,O content to make identical
samples dispersed in solvent with varying contrast. The neutron scattering experiments were
carried out on the NG3 beam line at NCNR in Gaithersburg, Maryland. The samples were
measured at a sample-to-detector distance of 13 m using lenses and A =8.5 A, and L =6 A at 6
meters and 1 meter.”’ The counting times at each position were dependent on the contrast of the
solvent to the particles, and were varied to achieve adequate statistics. Sample transmission was
measured at the largest sample-to-detector distance for each wavelength and beam flux
measurements were used to convert the scattering profiles to absolute scale [cm™]. The simulated
composite nanoparticles in this paper have R=50 nm and explicitly include a 1.5 nm layer of d-
SDS with pure domains of P3HT and PCBM. Several different structures, which are all
possibilities in the experimental system, are modeled to have 1:1 P3HT/PCBM mass ratio.

Table 6.4. Scattering Length Densities and Densities of Pure Components determined using Contrast
Variation Small Angle Neutron Measurements

Abbreviation ~ Composition  p (g/em?) SLD(A?

RR-P3HT CioH25S 1.12 6.9E-07
PCDTBT Ca4HagNsS3 0.94 1.4E-06
Rrand-P3HT CioH25S 1.23 7.6E-07
PBTTT CaoHe2S4 1.22 6.2E-07
PIDT-PhanQ CasHg2S2N; 1.11 1.6E-06
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PC:BM Cg2H140, 1.78 5.3E-06
PCes:BM C7,H140; 151 4.4E-06
d-SDS C12D2504S 1.09 6.1E-06
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Chapter 7. Photoconductive AFM Measurements of CNPs

Based on the characterization of CNPs using contrast variation neutron scattering in Chapter 6,
there are three characteristic structures that can be present, the core-shell particle, eccentric
particles, and particles with relatively uniform distribution. It is expected that there will
significant differences in their photovoltaic performance based on their structural features.'®
This is due to the fact that the internal structure will determine the efficiency of exciton
dissociation as well as charge transport.’ As shown in Figure 7.1, we expect that the best
performing CNPs will be those that have uniform distributions of P3HT and PCBM domains
within their internal volume. This ensures that both holes and electrons have equal transport
efficiencies out of the particle’s interior as well as sufficient interface for exciton dissociation.’
In core-shell particles, there is sufficient interface so that many excitons may be readily
dissociated. However, due to the enrichment of one component over the other in the shell, charge
transport out of the particle will be hindered.*” In the case of an eccentric particle, there is likely
a lower amount of interface available for exciton dissociation, and the ability of charges to reach
electrodes will depend on the specific orientation of the particles relative to the electron and hole
transport layers that are present in typical device geometries. Therefore, misalignment of the
electron or hole conducting domains with electron and hole buffer layers will lead to inefficient
carrier extraction. A uniform distribution of material in the particle volume ensures that there is

both sufficient interface for excitons dissociate and a clear pathway for transport of charges out

of the interior domains of a CNP.'°
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Figure 7.1. Schematic of exciton diffusion, dissociation, and transport through the domains of a

CNP as a function of internal morphology.

In order to validate this hypothesis, it is necessary to evaluate the intrinsic charge generation
properties of different particle formulations while eliminating the possible convolution of these
results from processes that are extrinsic to the particles (e.g. particle-particle charge transport in
multilayers).

7.1 Monolayer Generation of CNPs using Electrostatic Assembly.

To do this, it is first necessary to generate a uniform monolayer of particles so that factors like
interparticle transport and non-uniform illumination of individual particles do not influence the
measurement. In order to create monolayers, we developed a novel electrostatic deposition
technique. Using electrostatic deposition, it is possible induce spontaneous assembly of CNPs
onto a negatively charged PEDOT:PSS film as shown in Figure 7.2a."" The methodology is
relatively simple. The surface charge of the surface that is to be coated is determined as a
function of pH via streaming potential measurements (Figure 7.2b). Based on these
measurements, PEDOT:PSS always has a strong negative charge regardless of the pH. For
negative surfaces (e.g. PEDOT:PSS) and positive particles (DTAB stabilized dispersions), the

pH and the bulk concentration of DTAB are tuned such that both particles and surface have large
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opposite surface charges and also such that there is as little ‘free’ surfactant as possible while
maintaining colloidal stability. In this case, a pH=7 was chosen. The reduction of ‘free’ DTAB
minimizes the competitive adsorption of surfactant on the PEDOT:PSS film and ensures the
formation of particle monolayers over the PEDOT:PSS surface. The optimum concentration of
surfactant was found by measuring the Zeta Potential of the particles as a function of DTAB
concentration (Figure 7.6¢). At a concentration of around 2 mM DTAB the Zeta potential of the
CNPs began to decrease suggesting desorption of surfactant from the CNP/water interface. This
is the point where the chemical potential of adsorption of DTAB to the CNP surface matches that
of the bulk solubility of DTAB. Reducing the bulk DTAB concentration too much reduces the
particle charge and, eventually, will also lead to particle aggregation and flocculation.
Nevertheless, we find that the best coating conditions are found when the surfactant
concentration is less than 2 mM and the Zeta Potential is still greater than 30 mV. At this point,
the dispersion is still colloidally stable and positively charged, but there is very little ‘free’
DTAB to compete for the surface. ITO films coated with PEDOT:PSS are shown to readily form
dense monolayers of CNPs after just 30 minutes of exposure to dispersions containing 0.1 vol%

CNPs and 0.5 mM DTAB.
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Figure 7.2 a.) Schematic showing the electrostatic deposition procedure and SEM of dense CNP
monolayer film deposited in PEDOT:PSS coated ITO, b.) Streaming potential measurement of
ITO substrate and PEDOT:PSS coated ITO substrate as a function of pH, and c.) Zeta Potential
of 60 nm CNP dispersion as a function of DTAB concentration.

This methodology has been extended to many other surfaces and surfactant types. The details of
these experiments are outlined in great detail and theory underlying the assembly of CNPs onto

charged surfaces elucidated in Chapter 8.

7.2. Photoconductive AFM Measurements of CNPs
Characterization of photoconductivity of bulk heterojunction active layers with a conductive
probe atomic force microscopy (AFM) has recently been realized as a powerful technique to

1213 1n the current manifestation of the

relate surface topology to solar cell performance metrics.
technique, a bulk-heterojunction active layer is deposited onto a transparent conductor and
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mounted into an AFM. The film is electrically connected to a gold coated AFM tip with a very
sharp point (R;,~10nm). Simultaneously, the film is illuminated from below with a light source
that is focused to a very tight point (Dj;gr,~ 100 pm). In either contact or tapping mode, the tip is
then scanned over the surface of the film that is illuminated by the light source and the current
and voltage are controlled and measured independently with an external source meter as a
function of the tip position. In this way, simultaneously with traditional force measurements like
topography and phase behavior, electrical parameters such as short circuit current density, dark
current, and photocurrent under variable voltage bias can be measured. In addition, new
implementations of this technique extract dynamical information using a pulsed light source and
studying the kinetics of relaxation of the photovoltage response. This measurement is called
time-resolved AFM (trAFM).

In order to characterize the intrinsic charge generation properties of individual nanoparticles with
different formulations and morphologies, we employed photoconductive AFM (pcAFM). These
measurements were performed on electrostatically deposited monolayers of pregel, eccentric,
and core-shell CNPs with identical P3HT/fullerene ratio. Using pcAFM, we showed that it is
possible to individually measure the photocurrent nanoparticles in isolation from each other. In
this way, it is possible to isolate the intrinsic carrier generation and transport properties within
each nanoparticle without any influence from extrinsic device properties and other nanoparticles.
While these measurements cannot necessarily be used at this time to quantitative predict the
performance of workign photovoltaic devices processed from our model CNPs, they provide a
direct probe of the performance of each nanoparticle which we can then relate to their known

internal structure. In the pcAFM measurement, gold tip is used along with monochromatic light

(A=532 nm).
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Topography Tip Current

Figure 7.3. (left) Topography scan of electrostatically absorbed particle monolayers, and (right)
photocurrent measured with the light off and then switched on.

The AFM is then rastered over the surface of illuminated particles under zero tip bias. The tip
voltage is maintained at zero as it raster scans over the sample surface in Figure 7.3. In the
image scan in Figure 7.3, the film is comprised of a relatively dense assembly of pregel particles
deposited uniformly over the entire film surface. For the first half of the scan (from 0-2 um) in
the y-direction, the sample remains in the dark. It is clear that with the light off, nothing but
noise is measured. This implies both that the particles do not generate measureable photocurrent
under zero bias, and there are no anomalous instrument responses which generate current during
scanning. At 2.2 pm, the diode is turned on and the sample illuminated. Immediately, bright and
dark spots appear in the photocurrent scan that are distinct from the noise measurement before
the light is turned on. This confirms that the current measured is intrinsic to the particles
deposited on the surface. To further verify the fact that this current measurement was not
substrate related, a measurement under bias is shown for a region of film that has a much lower

surface coverage (Figure 7.4)
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Figure 7.4. (left) Topography scan, (right) Current from tip-Surface Bias = 1V under
illumination of sparsely coating CNPs.

From the current scan in Figure 7.4, it is clear that the current is strongly correlated with the
positions of the particles and the PEDOT:PSS coated ITO film can be distinguished from
particles. Figures 7.3 and 7.4 demonstrate the efficacy of this technique as a probe for individual
nanoparticle performance.

Therefore, pcAFM experiments measure the performance of many isolated nanoparticles that act
as individual nano-sized solar cells as shown in Figure 7.5. At the same time that photocurrent
information is obtained, pcAFM also acquires a topological image that provides a means to
correlate the particle position and size to the photocurrent. For the images acquired, the
resolution is 15 nm/pixel so that differences in nanoscale photocurrent generation can be

differentiated.
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Figure 7.5. Schematic of pcAFM measurements on CNPs electrostatically deposited onto
PEDOT:PSS/ITO substrates.

Photocurrent images were taken for each nanoparticle formulation and representative histograms
are shown in Figure 7.6. Based on these results, it is clear that the pregel particle has the best
single-particle performance when compared to the core-shell or eccentric particles. This is
indicated by the significantly larger hole (up to 4 pA) and electron currents (~1 pA) that are
consistently observed for films produced from these particles. The core-shell particle showed
moderate hole-current with maximum values ~ 1 pA, but almost no electron current, whereas the
eccentric particle showed larger hole currents (up to 2 pA) than the core-shell particle, but also
higher electron currents (< 1 pA). These results support the proposed structural models for these
particles. The core-shell particle has a P3HT rich shell, and therefore, it is more difficult for

photogenerated electrons to be transported out of the particle leading to higher rates internal
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recombination and subsequently lower measured photocurrents. The eccentric particle showed
moderate hole and electron currents, which is consistent with orientation dependence of electron
and hole current generation. Finally, the pregel particles that were prepared using the organogel
porous framework showed the best performance because of the uniform distribution of both
semiconductor materials within the CNP. This ensures that there is a large amount of p/n
junction interface for exciton dissociation and that the rate of hole and electron transport out of
the CNP is also effective because there is no preferential enrichment of one material over the

other at the particle’s surface.
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Figure 7.6. Histograms of photocurrent produced from monolayer films of uniform, core-shell,
and eccentric particles. The particles all have the same overall composition and correspond to the
toluene pregel, P3HT/PCBM from chloroform, and P3HT/PCBM/C4, from chloroform
respectively. Representative Topological Scans are shown in the inset colorized by the
photocurrent maps.
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7.3 Analysis of pcAFM Measurements

Further analysis of the photocurrent topology maps is possible. From the topography scans in it
is possible to identify the position and diameter of each sphere using a simple algorithm that
calculates the local slope at each pixel. If the slope is negative leading away from the pixel in all
directions, then it is considered to be a local maximum. The height and pixel position are then
stored and the data set filtered for overlapping pixels and topography defects. An example of this

process is shown in Figure 7.7a and Figure 7.7b.
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Figure 7.7. a.) Cropped topology (left) and analyzed topology (right) of electrostatically
assembled pregel film, and b.) The measured photocurrent scan from the topography in a.) (left)
and 3-D topology colorized by the photocurrent (right).

The dots plotted on both the topography and the photocurrent scans are the position of spheres

accepted by the algorithm. As is visible from the photocurrent scans, the positions of the

particles correspond well with peaks in measured photocurrent. However, almost in all cases the
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center of the spheres identified in the topography scan do not correspond to the center of
measured photocurrent. This more clearly illustrated in Figure 7.7b where the 3-D simulated
topography is plotted and colorized by the measured photocurrent for a small section of the
image. This effect can be understood when the scan direction is taken into account. At the point
that the tip encounters a particle as it scans over the surface of the film, it comes into contact and
immediately the photocurrent generated within the particle is measured. This fast change in
topography causes deflection of the AFM tip for which the controller immediately compensates.
As the scan head reaches the maximum of the particle, it is likely that the tip cannot maintain
electrical contact with the particle due to the rapidly changing topography. Therefore, there is a
clear maximum in photocurrent measured on the leading edge of the particles.

With this algorithm, it is possible to do a more detailed analysis of the photocurrent and topology
data measured for the particles. As is visible in the topography scans, these particles have a
rather large polydispersity, so there are a large number of particles with different sizes on the
surface. This allows us to analyze the photocurrent generated from identically made particles as a

function of their size. The results of this analysis are shown in Figure 7.8.
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Figure 7.8. Further analysis of photocurrent and topography maps taken with pcAFM for a.)
Uniform Particles, b.) Core-Shell Particles, c.) Janus Particles.

Also in Figure 7.8 are estimates for the short circuit current density estimated by taking the
photocurrent values measured here and normalizing to the cross-sectional area of the particles.
For the best performing particles, the total photocurrent generated is ~8 mA/cm?, on the same
order of magnitude as efficient bulk heterojunction thin film active layers composed of P3HT
and PCBM."

7.4 Materials and Methods

General Preparation of Nanoparticle Dispersions: The poly(3-hexylthiophene) (P3HT) was
Sepiolid P100 grade purchased from Rieke Metals (Lincoln, NE). The [6,6] phenyl-C60-butyric
acid methyl ester (PCBM) was purchased from SES Research (Houston, TX). The deuterated
sodium dodecyl sulfate (d-SDS) was used as received from CDN isotopes (Quebec, Canada).
P3HT/PCBM particle dispersions were produced by dissolving known amounts of P3HT and

PCBM into organic solvent. For P3HT/PCBM nanoparticles produced from chloroform and
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toluene, the volume fraction of total solids was held constant at 3.1%. This organic phase was
added to 40 mM d-SDS dissolved in D,O in a 1:10 o/w ratio, and using a Branson Sonifier 450,
emulsified at 70% intensity for 15 seconds, using 1 second pulses with a 1 second delay between
pulses. The resulting stable emulsion was placed in a 10 mL round bottom flask and stirred under

11,21 :
" This process

vacuum at room temperature to remove the organic solvent from the emulsion.
resulted in stable composite nanoparticles containing the desired ratio of P3HT/PCBM. For this
work, we created dispersions with a concentration of 2.5 vol% total solids and the method
usually resulted in composite nanoparticles with an average hydrodynamic radius of 65 nm as
measured using dynamic light scattering (Malvern Zetasizer). The exact concentration of solids
in the solution was also corroborated using thermo gravimetric analysis (TGA) with a TA Q50
after the final dispersions were prepared. The P3HT volume percent, #p3;yr, of the dispersed
nanoparticles was also verified again after preparation by re-dissolving a dry dispersion in a good
solvent (i.e. chloroform). The absorption spectra of re-dissolved samples were measured again
and, using known extinction coefficients (ep3pr=53.2 mL/(mg-cm) A=462 nm, &epcpv=00.8
mL/(mg-cm) A=330 nm, &£c6=90.0 A=333 nm) we determined the total content of each
component in the particles. There was generally very good agreement between formulation and
the resulting compositions.

Electrostatic Assembly of CNP Monolayers: For CNP prepared using SDS, the stabilizing agent
was subsequently exchanged with dodecyl trimethylammonium bromide (DTAB) (Aldrich, St.
Louis, 99.9% reagent grade) to produce cationic particles. This exchange was performed by
extensive dialysis that was also monitored with zeta potential measurements using a Zetasizer

Nano with a reusable Dip Cell. To exchange surfactant, the dispersion’s surfactant concentration

was first reduced from 40 mM to 1 mM SDS, and then ultrafiltration was used to fully exchange
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the remaining SDS with a 40 mM DTAB solution using 100 kDa Millipore filter. A number of
washes were performed to ensure complete removal of SDS. The resulting DTAB stabilized
dispersion was then dialyzed to a concentration of 5 mM DTAB to remove free surfactant. This
stock nanoparticle solution was further diluted to a final concentration of 0.5 mM DTAB and 0.1
vol% CNPs. Spin-coated PEDOT:PSS (Clevios Al 4083) films (3500 rpm for 1 minute) on 15
mm X 15 mm ITO substrates were prepared and baked at 140°C for 30 minutes. These films
were then extensively washed with DI water to remove excess PSS. The films were then dipped
into the CNP coating solution for 30 minutes, where electrostatic attraction between the cationic
nanoparticles and the anionic PEDOT:PSS film resulted in monolayer adsorption. The films
were rinsed with copious DI water to remove excess particles and dried under nitrogen and
vacuum for one day.

Photoconductive AFM: Photoconductive Atomic Force Microscopy was carried out on an
Asylum Research MFP-3D BIO system. Gold-coated contact mode AFM tips with a force
constant of 0.2 N/m (Budget Sensors, Cone-GB) were used for all experiments. A 532 nm
wavelength illumination with intensity of 218 W/cm?” was used prior to entering the microscope
optics and aligned directly under the AFM tip. The tip-sample contact force was kept to a
minimum, typically ~10 nN to avoid damaging the film. No external voltage bias was applied to
the AFM tip.">"
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Chapter 8. lonic Surfactant Mediated Assembly of Aqueous Conjugated Polymer
Nanoparticles

A significant challenge in the development of colloidal dispersions for thin-film deposition is the
strong coupling between the interaction between colloidal particles and the characteristics of the
resulting film.>? This is particularly true for optoelectronic applications where functional
colloidal particles must be deposited in such a way as to form a high quality film, but not
sacrifice the performance of the active materials.® An example of this is in the development of
composite nanoparticle dispersions for organic photovoltaic applications.*® These nanoparticle
formulations possess two key characteristics that must be optimized in order to create high
performance thin-film active layers in photovoltaic applications. First, the intrinsic
characteristics such as diameter, composition, and internal distribution of conjugated polymer
and fullerene must be optimized during formulation in order to achieve the highest possible
internal quantum efficiency within each particle. Second, the extrinsic properties of the
nanoparticle formulation must be optimized such that the production of high quality films that
fully exploit the intrinsic nanoparticle properties. In Chapters 6 and 7, we have detailed the
development of characterization tools for the study of the intrinsic characteristics of composite
nanoparticles, and in this chapter, we will describe one method to produce high density

monolayers of these particles on device relevant geometries.

A general property of a large number of materials is their ability to assume a surface charge
when placed in high dielectric constant media, such as water.”® The magnitude and sign of this
charge will depend specifically on the charging mechanism. Whether it be dissociation of
ionizable surface groups, adsorption of ionic species or acid-base interactions that induces this
charging effect, a diffuse double-layer comprised of counter-ions will form at the surface-water

interface that balances the net surface charge to maintain neutrality. The magnitude and sign of
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this double-layer is related to the surface charge density. In the case of conjugated
polymer/fullerene nanoparticles, they are stabilized against coalescence typically by adsorbed
surfactant.'>*® lonic surfactants such as sodium dodecyl sulfate (C12S), adsorb tail-down on the
hydrophobic surface of the particle and the head group dissociates providing both steric and
electrostatic stability. Because of the sulfate head group, the zeta potential, {, of an aqueous
composite nanoparticle (R=50 nm) will be -70 mV.* In the case of C12S, the diffuse double-
layer will therefore be comprised characterized by an enrichment of sodium ions and depletion of

free C12S unimers near the particle water interface.

While by a different mechanism, many substrates used for thin-film active layers of organic
photovoltaics such as inorganic oxides (ITO, ZnO, MoOs3, V,0s) will assume a surface charge in
water related to the acid base properties of the oxide surface. The sign of these charges will be
pH dependent with the point of zero charge (pzc) marking the pH at which this charge is
neutralized. For the case of acid/base charging, when there is a positive surface charge, the
diffuse double-layer will be enriched with hydroxide counter-ions and deficient in hydronium
and visa-versa in the case of negatively charged surfaces. Other organic electrode materials like
PEDOT:PSS will also charge when placed in water.® The magnitude of charge on a surface can
be quantified using a streaming potential measurement as shown in Figure 8.1 for PEDOT:PSS
coated ITO and ZnO coated 1TO.*®!" These substrates are one example of the transparent
conductor used in both normal and inverted OPV geometries.*®'® From Figure 8.1, it is clear that
at neutral pH ZnO coated surfaces will possess a positive surface charge and PEDOT:PSS coated

surfaces a negative one.
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Figure 8.1. Streaming potential measurements for ITO, ZnO, and PEDOT:PSS coated ITO
surfaces.

Because of the strong charge assumed by both the device relevant surfaces and aqueous SNPs, it
should be possible to identify the appropriate conditions that spontaneous electrostatic assembly
(EA) of SNP can occur onto these surfaces. Thin-films, composed of isolated colloidal particles,
produced from this process have several key advantages over films produced using solution
casting techniques. First, EA avoids drying during the thin-film deposition process which can
result in surfactant co-deposition alongside the SNP, leading to insulating surfactant layers in the
interstitial spaces between particles. Second, EA facilitates the formation of self-terminating
monolayers of particles which will help eliminate unavoidable packing defects caused by the
evaporation of water in the late stages of drying. Third, colloidal particles tend to adsorb at the
air-water interface so that when dry, a surfactant will form an insulating layer between the
substrate and the particles hindering charge transport. Fourth, multilayers of particles will hinder
charge transport to the external electrodes due to bottlenecks caused by interparticle transport.
Finally, EA can be performed on any surface with a charge regardless of its geometry. Therefore,
developing EA techniques for these colloidal particles enables the production of photovoltaic

devices onto surfaces of arbitrary complexity.
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8.1. Zeta Potential to Monitor Surface Charge Density

Aqueous dispersions of SNPs can be stabilized by a variety of small molecule surfactants
including nonionic, cationic, and anionic. For the purposes of this work, we have focused our
attention on linear chain cationic surfactants terminated with tetramethylammonium bromide
(TAB) head group (C12TAB, C14TAB, C16TAB) and two anionic surfactants with a sulfate (S)
head group (C12S, and C16S). The surfactant concentration of stable SNPs dispersions is very
different from that necessary to stabilize the oil/water interface during nanoparticle
formulation.® Figure 8.2a shows interfacial tension measurements of C12S and C12TAB
surfactants at the oil/water interface. From this plot, and often reported in the literature, the point
at which the interfacial tension of the oil-water interface is the point at which the interface is
saturated with surfactant unimers and this usually occurs around the CMC of the surfactant.?
Therefore for an emulsion, where the amount of interfacial area is much higher due to the nano-
size of the emulsion droplets (R=100nm), the surfactant concentration must be above the CMC

(15 mM) in order to fully stabilize the oil-water interface against coalescence as shown in Figure

8.2b.
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Figure 8.2. a.) Interfacial tension as a function of surfactant content (C12S and C12TAB) at the
chloroform/water interface, b.) Z-avg size as determined by Dynamic Light Scattering (DLS) as
a function of the bulk surfactant concentration for C12TAB.

144



Because of the need for a large amount of surfactant in the particle formulation process, the
surfactant concentration in SNP formulations is large, typically anywhere from 1-5X the CMC.
This concentration is far larger than that necessary to stabilize the solid polymer/water interface.
Therefore, alongside SNPs is likely a large quantity of free surfactant unimers and micelles. The
amount of free surfactant present in a SNP dispersion can be expressed as shown in Equation 8.1
where the excess surfactant concentration, Ce, the bulk surfactant concentration, Cpyy, the
volume fraction of particles in the dispersion, @part, the particle radius, Rpan, the adsorbed
surfactant density, 'as.?

3r AS ¢part
N, R

av' “part

8.1 Cexc = Cbulk -

Therefore, the excess surfactant concentration will be a function of particle size, volume fraction,
surfactant type and concentration. If the excess surfactant content is much greater than the
fraction of adsorbed surfactant on the particle surface, spontaneous EA of SNP onto charge
surfaces is hindered. This is shown in Figure 8.3a. As the bulk surfactant concentration, in this
case C12TAB, is varied for a fixed particle size and volume fraction, there is a maximum in the
amount of apparent deposition that occurs as the concentration is decreased. At both high and
low surfactant concentrations, no deposition is apparent. At some critical surfactant content,
spontaneous electrostatic assembly of positively charged SNPs onto negatively charged
PEDOT:PSS coated glass is possible. This can be understood within the context of a simple
competitive adsorption model.?® The SNPs will assume the same charge as the free surfactant
heads groups. When a negatively charged surface is introduced to the dispersion, surfactant will
quickly adsorb head-down to the surface in order to balance the charge. At sufficiently high

concentration of surfactant, surface adsorbates of free surfactant can form that at high
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concentration hinder the spontaneous assembly of particles via two mechanisms. First, if surface
micelles are present, they can provide a steric barrier preventing close approach of the positively
charged SNP to the surface. Second, adsorbed unimers screen the surface charge so that the

SNPs do have a strong driving force to migrate toward the surface. This is shown schematically

in Figure 8.3b.
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Figure 8.3. a.) UV-Vis absorbance data for C12TAB coated SNP adsorption as a function of
bulk surfactant concentration and b.) Schematic representation of competitive adsorption of
surfactant preventing the electrostatic assembly of SNPs to oppositely charged surfaces.

Based on this model, in order to maximize the surface coverage of SNPs on a desired electrode
surface using EA, it is necessary to reduce to the free surfactant concentration as much as
possible so as to minimize competitive adsorption.?* As seen in Figure 8.2b, this has an
unintended consequence of destabilizing the SNPs in dispersion. Therefore, at very low
surfactant concentrations, the particles do no adsorb to the surface and instead simply aggregated
and fell out of dispersion. Therefore, the ability to adsorb particles is a balance between

minimizing competitive adsorption and compromising the stability of the dispersion.
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This effect is a direct manifestation of the adsorption term in Equation 8.1, Igs,. In dilute
surfactant concentration dispersions, I'as, can be described using a Langmuir adsorption isotherm
model, Equation 8.3.° The Langmuir adsorption model assumes single site and monolayer

adsorption.

82 rAS =1—~ Kadstqu

s where A +S—=2—AS
1+ Kadstqu

Equation 8.2 states that there exists a dynamic equilibrium between an adsorbate species, [A],
and the available surface sites, [S]. The surface density, I'as, at any bulk surfactant concentration

can be predicted from the density of surface sites, I's, and the equilibrium constant, Kags.

There are two ways that the adsorption characteristics of ionic surfactants can be monitored at
the particle interface. The first is conductivity. By far the most mobile species in the dispersion is
the free surfactant. Therefore, the conductivity of the coating solution will be dominated by the
free surfactant concentration. Below the CMC, the limiting molar conductance of the desired
surfactant can be determined. From measurements of bulk conductivity data, the free surfactant
concentration can be calculated and based on the known particle concentration and size, I'ags,
calculated. The drawback to this approach is that for many surfactants, the molar concentration
of adsorbed surfactant is a small fraction of the bulk surfactant concentration. Therefore, in many
cases, except at very high particle volume fractions or small particle sizes, conductivity
measurements are not a sensitive probe for the adsorbed surfactant concentration. Instead, we
chose an alternative method and measured the electrophoretic mobility of a particle at a fixed
dpart. The electrophoretic mobility is related to the surface potential of the mobile particles.?
Because the SNPs have a significantly large scattering cross-section than either free surfactant or

surfactant micelles, electrophoretic mobility is a very sensitive probe of charge density on the
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particle’s surface, and because the only source of charge dissociation for the SNPs is the

presence of adsorbed ionic surfactant, a sensitive probe of adsorbed surfactant concentration.

For spheres, the relationship between electrophoretic mobility, zeta potential, and surface charge
density is a complicated function of the Debye parameter (Equation 8.3), «.” The relationship
between these parameters is a function of the motion of a sphere under an applied electric field.
The motion, known as electrophoretic mobility, is a balance between the electrophoretic forces
imposed on the particles and ions to migrate and the requirement that the distribution of ions
around the particle maintain charge neutrality. In Equation 8.3, e is the electronic charge, ¢ is the
dielectric constant of water, g is the permittivity of free space and kT is the Boltzmann’s

constant multiplied by the temperature.

252N\]2
83 ko 2e°z°N,, C
g KT

While in the Hickel («Rpart < 0.1) and Smoluchowski (xRpart > 200) regimes, these expressions
are trivial to derive, the only source of ionic strength in our system is the ionic surfactant.?
Therefore, as the surfactant concentration is reduced, xRpar, iS also reduced. For these
experiments xRpare IS typically in the range of 1-50. In this range, only numerical solutions
developed by O’Brien and White are adequate to describe the relationship between the
measurements of electrophoretic mobility, zeta potential and surface charge density.?” Using the
O’Brien and White model, the measured dimensionless electrophoretic mobility, dimensionless
zeta potential, and surface charge density for Rya=27nm model particles are shown in Figure
8.4a as a function of C12TAB concentration. In Figure 8.4b, the adsorption data is linearized by
plotting Cpuw/Z as VS. I'as. This plot shows excellent linearity and the slope is -Kags and the
intercept is 1/(Kags/s). The fitted values are /s =0.19+0.05 nm™ and Kags=0.29+0.09 mM™. These
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values are smaller than those found for adsorbed monolayers of C12S at the air/water interface
(I's =6 nm® and Kags=1.1 mM™).2% This could suggest that either, not all surfactant head groups
that adsorb to the CNP/water interface are charged, or that each surfactant molecule occupies a

larger volume on the SNP surface than the air/water interface.
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Figure 8.4 a) Summary of electrophoresis data for C12TAB stabilized Rpa:=27 nm SNP
dispersions reduced from dimensionless mobility to surface charge density, b.) Linearization of
Langmuir adsorption isotherm. Line is the best fit through the data.

8.2. Choosing the appropriate surfactant for Electrostatic Deposition.

Given the fact that the ionic surfactant is in dynamic equilibrium with the particles’ surface, it is
possible, given the right conditions, to exchange surfactants. Using membrane ultrafiltration with
the appropriate filter size, many dilution/wash cycles can be repeated and the C12TAB surfactant
used to stabilize a model colloid particle can be easily replaced by other cationic surfactants,
nonionic surfactants, or even anionic surfactants without compromising the stability of the
dispersion. The conditions necessary to exchange anionic surfactant for cationic surfactants are
outline in the supplemental information section, but briefly, first the DTAB concentration is
reduced then excess anionic surfactant is added such that Canionic>>>Ccationic. In this way, any

crystallization or coascervate phases that form due to the presence of a mixture of oppositely
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charged surfactants does not impact the stability of the particles, and these phases can be easily
filtered out of the dispersion later.?**° Figure 8.5 demonstrates the successful exchange of Rrand-
P3HT SNPs initially stabilized with C12TAB and then exchanged with C14TAB, C16TAB, and
C12S, and C16S. The sign and magnitude of the charge on the particle surface switches
depending on whether the particles are stabilized with anionic, cationic, or nonionic surfactants

and the surfactant tail length.
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Figure 8.5 a.) TAB series (C12TAB, C14TAB, C16TAB) and S series (C12S, C16S), b.)
Linearization of Langmuir adsorption isotherm. Line is the best fit through the data.

This demonstrates the flexibility afforded by the reversible adsorption of surfactant to the
particle/water interface that allows for easy removal and replacement. Therefore, it is possible to
consider the characteristics of the surfactant that are ideal for EA, but maybe not for particle

production as these can be easily swapped out later.

Based on the model for competitive adsorption of surfactant to the substrate surface, the
surfactant characteristics that are necessary to allow the formation of high density EA
monolayers can be defined within the context of the Langmuir adsorption isotherm coefficients.

The ideal surfactant would have the highest 7's and Kags. This ensures that the charge density on
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the particle’s surface is large and the excess surfactant content for a given bulk surfactant
concentration high. The surfactant should also have a sufficiently high diffusivity such that once
adsorbed at the substrate/water interface, it can readily desorb to allow for the deposition of the
SNP. Measurements for I's and Kygs as a function of surfactant type are shown in Figure 8.5b as
calculated from electrophoretic mobility measurements and fit with Equation 8.2. Based on these
results, C16S and C16TAB should make the best surfactants that we have considered as while
their I's are smaller than the shorter chain length analogues, the values for K45 are many orders

of magnitude larger, suggesting a significant reduction in the excess surfactant concentration.

Adsorption of C12-16TAB coated particles are monitored using UV-Vis and this data
summarized in Figure 8.6a. These data show that as concentration of surfactant decreases, some
improvement in particle absorption is possible. However, significant coating densities are still
not observed. This demonstrates that the degree of competitive adsorption is significantly
reduced as surfactant concentration is decreased for a fixed particle content and size. Another
interesting observation is highlighted in Figure 8.6b. For a given ratio of surfactant concentration
to its CMC value, there is a consistent decrease in the UV-Vis absorption of particles as the alkyl

chain length increases.
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Figure 8.6 a.) UV-Vis Absorbance data for adsorption of Rrand model SNP to glass slides as a
function surfactant concentration, b.) Absorbance for a fixed ratio of concentration of C,TAB to
its CMC value.

This result has been observed for the deposition of charged colloidal particles onto charged
surfaces and can be rationalized when the Debye screening length is taken into account.®* The
surfactant is the only source of salt in these experiments. Therefore, the ionic strength of the
solution containing C16TAB at conditions where competitive adsorption is minimized is orders
of magnitude lower than that of C12TAB. Because of the concentration of surfactant used in
Figure 8.6, the Debye length is larger for C16TAB than for C12TAB. This implies that the
mutual repulsion of SNP already deposited on the surface is stronger for CL6TAB resulting in
lower density surface coverage. Based on the Debye screening length argument alone, a model
for hexagonal close packing of spherical colloidal particles on a flat surface can be proposed as
shown in Figure 8.7. In this model, the distance separating the nearest neighbor is the particle
radius and the Debye screening length. Therefore, as xRpart, decreases, so does the fractional area

coverage, 0, as shown in Equation 8.4.
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Figure 8.7. Schematic highlighting the effect of k on the density of particles EA on a flat surface
for a fixed particle diameter and changing Debye length.
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While this is only a simple model, it is instructive in that it predicts the scaling relationship
between fractional area coverage of particles and xRpar. Based on this simple relationship, «Rpar,

must be large to achieve a high density surface coverage.

”(KRpart )2

23 (KR gy +1)

The easiest way to make xRpart larger is to add salt in order to increase x. Based on DLVO

84 60~

calculations, 500 mM NaCl should be sufficient to completely screen the particle-particle
repulsion on the surface. To test this theory, process diagrams for both C16TAB and C16S were

produced as a function of both salt and surfactant content (Figure 8.7).
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Figure 8.8. Adsorption phase diagrams for CL6TAB and C16S as a function of salt content as a
function of salt and surfactant content. The blue region shows areas where the dispersions were
unstable, and the green regions shows where no deposition was observed.

Figure 8.8 confirms that the highest surface coverage for EA is at low surfactant contents and
high salt. However, what is also apparent is that for both C16TAB and C16S there are regions
where no electrostatic adsorption is possible (highlighted in green) and regions where too little
surfactant leads to particle destabilization (highlighted in blue). Another important factor to note

is that the clear trends in the deposition data, the maximum fractional area coverage (0max=25%)
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is far from the theoretical maximum for close-packed systems (0max=91%) and for disordered

systems (Omax=82%).

Another important observation comes from measured zeta potential data for these particles as a
function at increased ionic strength. Figure 8.9 shows the surface density coverage of C16TAB
determined from the measured electrophoretic mobility of the particles along with the Langmuir

adsorption isotherm fits to the surface density data.
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Figure 8.9. a.) Summary of adsorption isotherms calculated from the measured electrophoretic
mobility data for CL6TAB as a function of NaCl concentration, and b.) Langmuir adsorption
model fit parameters as a function of NaCl concentration.

The results of these fits show that the adsorption of C16TAB to the particle/water interface is
also salt dependent. In low-ionic strength water, the mutual repulsion of surfactant head groups
on the particle surface is sufficient to prevent close packing of TAB head groups onto the
particle’s surface. The fits to the adsorption data are shown in Figure 8.8b and from this result it
is clear that as the salt content increases, the area occupied by the surfactant on the surface
decreases, consistent with an increase in surfactant density. It is also apparent from the Kaqs data
that as the NaCl content increases, the equilibrium shifts toward a higher ratio of adsorbed

surfactant at the particle surface to bulk surfactant.
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8.3. Device design criteria using Electrostatic Adsorption

Having completed the characterization of the process windows for the deposition of both
C16TAB and C16S particles, it is important to reconsider the mechanism for particle deposition.
We have established the complex interplay between surfactant charging/adsorption behavior on
salt content and surfactant type. We have also studied the effect that surfactant characteristics
have on the SNP stability. Missing from this picture though, is the adsorption of surfactant to the
substrate. The adsorption process windows Figure 8.8 suggest that high surface density coverage
may not be achievable given this set of materials. However, EA for the deposition of colloidal
particles still has some distinct advantages to solution casting techniques. Some of these are

summarized in Figure 8.10.

Figure 8.10. (top left) Densely electrostatically assembled monolayer film of Rpa=30 nm, (top
right) polydisperse particle set EA as a monolayer, (bottom left) SNPs electrostatically
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assembled onto charged silica spheres, (bottom right) SNPs electrostatically assembled onto
charged silica fibers.

The micrograph in Figure 8.10 (top left) show the electrostatic deposition of SNPs onto
PEDOT:PSS coated ITO can form, under certain conditions, monolayers with up to 50% area
coverage. Under the conditions that this film was deposited, however, the coating solution
became heavily aggregated so it is likely that these particles deposited as clusters leading the
highly porous structure seen in the micrograph. In the top right (SEM), a low density monolayer
is shown that demonstrates that the technique is flexible even for very polydisperse samples.
Because the curvature of the particle is unlikely to affect I's of the surfactant, the size distribution
on the surface should be related to the relative diffusivity of the particles in the suspension. The
bottom two micrographs demonstrate another interesting feature of the development of EA
techniques. Under the right deposition conditions, it is possible to create composite materials by

assembling SNP onto metal oxide spheres (bottom left) or metal oxide fibers (bottom right).

8.4 Materials and Methods

The model dispersion used throughout this work was made using Rrand-P3HT obtained from
Rieke Metals, Inc (Lincoln, NE). Rrand P3HT (153 mg) was dissolved into 10 mL of chloroform
and stirred at room temperature for 2 hours. 50 mL 50 mM DTAB, purchased from Sigma
Aldrich, was then added with the chloroform solution to a round bottom flask. A pre-emulsion
was produced by vigorous stirring over the course of 1 hour. The resulting pre-emulsion was
then sonicated at 50% intensity for 5 minutes. The sample was immediately evacuated to a
pressure of 100 mtorr and the chloroform slowly removed while stirring at 20 °C. The resulting

dispersion particles had a Ry = 27 nm. Absorption spectroscopy measurements were made from
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300 nm to 1000 nm using a Thermo Scientific Evolution 300 UV-Vis spectrophotometer. In
order to obtain the volume distributions from the DLS data, intensity weighted distributions
obtained using a non-negatively constrained least squares (NNLS) fitting algorithm were
transformed to volume distribution using Mie Theory and the known index of refraction of the
samples. Scanning Electron Microscopy (SEM) was performed using an FEI Sirion SEM on
samples mounted on silicon wafers and sputtered with gold at 18 mA for 30 seconds.
Electrophoretic mobility and DLS data were measured using Malvern ZetaSizer Nano and
electrophoretic mobilities corrected using Electrokinetic modeling Utilities provided as part of

Malverns ZetaSizer Software. All other reagents were purchased from Aldrich.
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Chapter 9. Future Work and Conclusions

Throughout this thesis, there has been a consistent emphasis on the importance of the study of
the morphology of thin-film active layers produced by solution casting or from dispersions of
composite nanoparticles. We have shown that modifying the distribution of conjugated polymer
and fullerene within the active layer of conjugated polymer/fullerene composites significantly
changes their performance. Of course, this is only a small snapshot of the work that is ongoing
within the community to understand the important role that morphology has to play in the design
and optimization of photovoltaic devices.' It remains to be seen whether new device
engineering strategies, better synthesis techniques, and further improvement in the deposition of
these materials can translate into commercially relevant thin-film polymer based solar cell

technology.

Indeed significant challenges remain, which were not a specific focus of this thesis, but are
ongoing engineering challenges. First is stability. Current polymer solar cells have poor long-
term stability.®® Even with encapsulation, typical lifetimes for polymer based solar cells are less
than 1 year. It is an open question as to which features specifically contribute to this degradation,
but most often it is degradation of electrode material, polymer photolysis, and intercalation of
water and oxygen into the active layer that induces localized trap sites. The second major
challenge is the elimination of glass in the manufacturing process.>*® The great promise of
polymer solar cells cannot be realized without the application of scalable roll-to-roll processing,
which is very difficult to realize without flexible substrates. Another challenge is solar spectrum
harvesting efficiency. Current record holders such as PBT-based conjugated polymers possess a
|.11,12

bandgap of 1.6 eV, which based on single-junction device physics is still suboptima

However, while these materials possess extremely high internal quantum efficiencies (reaching
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100%), the external quantum efficiency is still only ~60% for the best performers. Therefore,
active-layer thickness needs to be effectively doubled. As has been widely found empirically, as
active layer thickness is increased above ~100 nm, it is typically found that the internal quantum

efficiency decreases.
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Figure 9.1. Schematic showing a general strategy for the design and engineering of CNP based
polymer solar cells.

Chapters 2, 5-8 of this thesis outline the basis for the rational design scheme of CNPs for
polymer solar cell applications. The power of this scheme as emphasized in Figure 9.1 is that the
properties of the CNPs can be studied in isolation from the properties of their formulation, and
further that the resulting device properties will always be a strong function of the properties of
individual CNP acting in aggregate. We propose that by understanding the performance of
individual CNPs, it is possible to not only predict the resulting properties of devices produced

from those formulations, but also to improve performance independently from the specific
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device architecture. This capability is a direct result of the work outline in this thesis and
supported by the papers published on the subject. We have also outlined a vision for the steps
necessary to formulations of CNPs for device applications. **** Looking to the future, there are

many potential areas of work that could potentially be impactful in this field. These include:

e Increasing the diameter of the nanoparticle formulations so that a greater fraction of light
is absorbed per particle.

e Tuning the oil removal process such that core-shell particle formation is universally
suppressed so gelation is not needed as a mechanism to create uniformly distributed
particles.

e Employ lower band-gap conjugated polymers or make all conjugated polymer CNPs that
have the potential to further improve the performance.

e Study interparticle charge transport affects, specifically related to how easily charge is
transported through surfactant in present in the interstitial space of the particles and how

contact area between particles influences the rate of charge transfer.

These are just a handful of necessary and interesting questions as they pertain to the overall

design strategies outlined in Figure 9.1.
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