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ABSTRACT

Polymer semiconductors are intriguing due to their potential use in flexible elec-
tronics. Poly (3-hexylthiophene) (P3HT) is regarded as the workhorse polymer in this
field but there is still much to investigate about it. P3HT is also a semicrystalline poly-
mer and it is known that crystalline P3HT has a higher hole mobility than amorphous
P3HT. Quantifying each fraction (i.e. the crystalline and amorphous fractions) in the
bulk and thin film states is therefore crucial to understanding its performance in tran-
sistor and other applications. In its polymer solar cell application, it acts as an electron
donor and is typically mixed with the nanoparticle-like molecule, phenyl-Cg;-butyric
acid methyl ester (PCBM) — an electron acceptor — in a thin film morphology termed
a bulk heterojunction (BHJ). The structural hierarchy within the bulk heterojunction
is complicated and its characterization, with a focus on P3HT morphology, is the topic
of this dissertation.

Calorimetry can play an important role in the elucidation of P3HT morphology
with quantitative analysis of the crystalline and amorphous fractions present in the
material. This was demonstrated by employing differential scanning calorimetry (DSC)
to obtain the enthalpy of fusion of 100% crystalline P3HT (42.9 J/g) via a simple linear
extrapolation process of oligomeric P3BHT measurements. A more sensitive temperature
modulated DSC (TMDSC) was then used to examine the glass transition of P3HT and
it was discovered that the polymer is composed of three phases; crystalline, mobile
amorphous and rigid amorphous phases which were quantified. The presence of these
phases can play a large role in understanding the charge transfer process in polymer
semiconductors as a valence band offset exists between the crystalline and amorphous

phases.

xVi



BHJ thin films of 50 wt.% PCBM were then analyzed and a polymer crystallinity
of 30% was found after thermal annealing from initially non-crystalline polymer ma-
terial. With assistance from previously acquired small angle neutron scattering data,
a thorough analysis of the entire BHJ morphology was accomplished, quantifying all
fractions including: PCBM clusters, P3HT crystalline and rigid amorphous fractions
and a mixed phase containing mobile amorphous P3HT and dissolved PCBM. A sur-
prisingly large rigid amorphous polymer phase is present in the BHJ suggesting the
high hole mobility P3HT crystals may still be separated from the high electron mobility
PCBM agglomerates creating recombination zones evident in previous photolumines-
cence studies.

Finally, interlayer diffusion of PCBM was examined using neutron reflectivity.
By measuring the diffusion between bilayers it was found that up to 12% PCBM is able
to diffuse into the PEDOT:PSS electron blocking polymer layer. The possible mixing
of these two materials is typically ignored but this study suggests that more attention

should be paid to diffusion across the PEDOT:PSS/BHJ interface.

xvii



Chapter 1

INTRODUCTION

1.1 Energy Outlook

With the steady decline of coal use for the production of electricity and the
continued increase in human energy consumption more energy sources must be imple-
mented into the world’s energy portfolio (see Figure 1.1). Renewable energy sources tap
into natural and sustainable energy with the potential to fully replace current resources
for a lower penalty in CO4 emissions. As illustrated in Figure 1.1, coal based generation
plants will remain constant as renewable generation continues to grow. The end result
is an increase in the world’s consumption of lower CO5 emitting, renewable energy over
time. According to the 2016 International Energy Outlook Report, "renewable energy
is the world’s fastest-growing source of energy, at an average rate of 2.6% /year...".[1]
Much of the projected energy generation and consumption in Figure 1.1 will come
from developing countries as they grow and become more technologically advanced.
In contrast, developed nations seek to reduce consumption and lower carbon emissions
through energy conservation schemes and the increased installation of renewable energy
plants.

With regard to the U.S. plans for lowering carbon emissions, the Clean Power
Plan (CPP) from the Environmental Protection Agency (EPA)[2] is a proactive move
to bring the United States’ COy emissions down by 32% by 2030. To make this a
reality, the plan calls for the retirement of many coal fired power plants, replacing
them with solar, wind and natural gas as seen in Figure 1.2. Even in the worst case
scenario, where the CPP is overturned (No CPP case in Figure 1.2), 60 gigawatts of
coal capacity is still scheduled to be replaced by 2020.|3] U.S. energy consumption is
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Figure 1.1: The top graph show the world’s energy consumption in quadrillion Btu
(~ 3 x10" kilowatthours) by energy source. The bottom graph shows
the world’s electricity generation in trillion (10'?) kilowatthours. Both
graphs contain past data as well as projections through 2040.[1]



so large that full adaptation of the CPP will have noticeable global impact. The upper
graph of Figure 1.1 demonstrates this by displaying the projected world consumption of
coal and renewable energy with and without CPP enactment. It is clear from Figure 1.2
that solar energy will play a major role in america’s — and the world’s by extension —

energy generation and consumption through the CPP, especially in the longer term.

CPP Interregional
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Figure 1.2: U.S. plans for installing/retiring generation capacity (in gigawatts) based
on the short, mid and long term application of the EPA’s Clean Power
Plan.|3]

1.2 Solar Cells

With 28,000 terawatts (TW) of solar energy radiating the land mass of the
earth, it is understandable why the U.S. has put energy generation from the sun in the
forefront of its plans. However, the amount that can be feasibly converted to electric-
ity, for example, is small due to land use, cost and conversion efficiency.[4] To the last
point, much research has gone into increasing the efficiency of photovoltaic devices (i.e.
solar cells) and development of new photosensitive materials over the years. A compre-

hensive efficiency trend of the major materials types is shown in Figure 1.3 to illustrate



this. The upper material efficiency limit is ~ 30% (known as the Shockley-Queisser
limit[5]) and is based on thermodynamic arguments. Currently, this is almost achieved
in single junction solar cells made from GaAs, single crystal Silicon and CIGS. This
technological achievement has spurred the upscaling and commercialization of many
of these materials. Those above the Shockley-Queisser limit in Figure 1.3 are multi-
junction devices that typically consists of two or more absorber layers or concentrators

that multiply the sun’s intensity before reaching the device.
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Figure 1.3: Graph showing best laboratory scale solar device efficiencies over time, by
material class. This plot is courtesy of the National Renewable Energy
Laboratory, Golden, CO.

1.3 Organic/Polymer based Solar Cells

On the lower end of Figure 1.3 lies organic solar cells (OSCs) which include poly-
mer based solar cells. Obviously, more advancements need to occur for organic devices
to compete with the more mature inorganic ones. However OSCs have other advan-

tages to inorganic devices including the use of less material in the absorber layer for an



equal amount of light absorption, potentially leading to lower materials cost overall.[4]
In the same trend, the levelized cost of electricity (LCOE ~ $0.13/kWh)[6] and energy
payback time (EPBT ~ 2 years)|4]| have also been shown to be competitive or even
better than inorganics. Interestingly, the LCOE and EPBT were calculated using effi-
ciency assumptions 2 — 4%. Imagine the possibilities if the current, high efficiency (>
10%) polymer solar cells can be economically upscaled and commercialized!|7, §|
Recent steps toward upscaling polymer solar cells has, almost single-handedly,
been taken by the Krebs research group. Using the well-known poly(3-hexylthiophene)
(P3HT):fullerene absorbing materials, the Krebs group has produced large area devices
from commercial roll-to-roll processing technologies.[9-12] In addition, extensive life-
time and stability testing have been performed leading to better understandings of the
challenges of upscaling and environmental degradation on polymer solar cells.[13-19]
With such a promising future for polymer based solar cells, it is imperative that the
research community continues to investigate the properties of these devices, including
their morphology, to optimize performance and stability in the hope of better upscaling

capability.

1.3.1 Device Architecture and Morphology

The polymer solar device structure has been through a few iterations as can be
seen in Figure 1.4. The active layer (i.e. the layer containing the main light absorb-
ing material(s)) was improved by adding an electron accepting material to enhance
the charge separation and extraction process, thereby increasing photoconversion ef-
ficiency. Figure 1.4d shows the theoretical optimal active layer morphology (called a
heterojunction) by considering factors such as total layer thickness for maximum light
absorption, exciton diffusion length! and optimal donor-acceptor ratio. Due to these
factors the optimal structure consists of comb-like structures of donor and acceptor

that are interdigitated with thin layers of pure material at the respective electrodes.

1 An exciton is an electrostatically bound electron and hole pair. This close binding
means that the diffusion length is quite short ~ 10 nm in polymer semiconductors.|20]



Each ‘tooth’ of the comb is on the order of 10 nm wide and 100 nm long: an extremely
difficult structure to fabricate with polymer materials. Thus a different solution was
proposed where the two materials are mixed in a common solvent and then deposited
onto the substrate (i.e. one of the electrodes). The interaction between the two mate-
rials and the solvent will cause nanoscale phase separation and create what it termed a
bulk heterojunction (BHJ), a depiction of which is in Figure 1.4c. Due to the simplicity
of fabrication of the BHJ it has been adapted as the standard strategy for creating the

active layer of polymer solar cells.
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Figure 1.4: Illustrations of different polymer solar cell morphologies. A single conju-
gated polymer sandwiched between two electrodes (a). A layered struc-
ture of polymer donor and electron acceptor (b). A bulk heterojunction
structure (c). An optimized heterojunction structure (d). Reprinted from
Ref. [21] with permission from the American Chemical Society.

In this dissertation the morphology of a BHJ comprised of P3HT and the
fullerene derivative phenyl-Cg-butyric acid methyl ester (PCBM) is investigated as
described in the following section. The basic components of a PSHT:PCBM device is
illustrated in Figure 1.5. A thin layer (~ 40 nm) of poly(3,4-ethylene-dioxythiophene)
(PEDOT):poly(styrenesulfonate) (PSS) is typically deposited between the BHJ and the
transparent conducting electrode (typically indium tin oxide) as an electron blocker.

The unique properties of PEDOT:PSS allow it to easily conduct holes, block electrons



and have little parasitic light absorption.[22-24] This makes PEDOT:PSS one of the
most difficult materials to replace in the device. In the BHJ, the majority of light
absorption occurs in P3HT, where the exciton is formed and diffuses around until it
either finds a P3HT:PCBM interface where the electron is transfered to PCBM (as

shown in Figure 1.5) or it recombines to create heat.
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Figure 1.5: A diagram of the conventional P3HT:PCBM bulk heterojunction solar
cell.

Since the length scales of the BHJ are on the order of nanometers, models were
developed to visualize the morphology. These models typically come from small angle
neutron scattering,[25-27| neutron reflectivity,[28-30] and X-ray spectroscopy|31-33]
with a few from X-ray diffraction as well.[34] A summary of the findings describe the
BHJ morphology as bi-continuous with agglomerated PCBM forming one of the con-
tinuous phases and a mixture of crystalline P3HT, amorphous P3HT and dissolved
PCBM forming the other. This morphology provides high mobility pathways for elec-
tron and hole transport from anywhere in the film to their respective electrodes. The
interfaces to contain high PCBM concentrations which is only good at the cathode
where electons are transported out of the device. Studies suggest that modification of

the surface energy of the adjacent layers can mediate this.|33, 35|



1.4 Thesis Outline

Research on polymer based solar cells in the Mackay group has spanned a decade
or so. It has mainly been directed towards employing neutron scattering as a funda-
mental tool to investigate the morphology of the polymer bulk heterojunction (BHJ).
Neutron scattering however, has its limits. This thesis seeks to contribute to the un-
derstanding of the polymer BHJ by developing calorimetric methods to quantitatively
analyze it. This will supplement the knowledge gained from neutron scattering by
focusing on the polymer (P3HT) phases rather than the nanoparticle (PCBM) ag-
glomeration.

Chapter 2 has discussion of a straightforward way of determining the enthalpy
of fusion of P3HT using differential scanning calorimetry (DSC), which can be broadly
applied to other polymers. Without the enthalpy of fusion, the methods developed
after this chapter could only be qualitative, some even impossible.

Chapter 3 has an introduction to temperature modulated DSC (TMDSC) as a
more sensitive technique for the investigation of the weak glass transition of P3HT. This
investigation produced a quantitative three phase model for bulk P3HT and applied it
to spun cast PSHT thin films as well.

Chapter 4 has a focus on bulk heterojunction thin films and applies TMDSC
in a similar manner to Chapter 3. The complications of annealing on PEDOT:PSS
are first highlighted and a solution proposed. Then the crystallinity of the BHJ is
calculated. In combination with previous scattering results from our research group
a new, comprehensive, four phase BHJ model is proposed with individual donor and
acceptor fractions calculated.

Chapter 5 has an introduction to neutron reflectivity and interfacial charac-
terization. Polymer bilayers are fabricated with PEDOT:PSS being the base layer.
There is little research on the diffusion of both P3HT and PCBM into PEDOT:PSS
that this chapter addresses. By examining the thermal diffusion of the indivdual BHJ
components into PEDOT:PSS, a proper analysis can be accomplished.

Chapter 6 is written to summarize the work laid out in this thesis its main



take away points. In addition, it presents directions for furthering the methodology

and important areas of focus for future research in polymer photovoltaics.
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Chapter 2

A FACILE CALCULATION OF THE ENTHALPY OF FUSION OF
POLY(3-HEXYLTHIOPHENE)

Adapted with permission from Remy, R.; Weiss, E. D.; Nguyen, N. A.; Wei, S.;
Campos, L. M.; Kowalewski, T.; Mackay, M. E. .J. Polym. Sci. Part B Polym. Phys.
2014, 52, 1469-1475. Copyright 2014 John Wiley and Sons.

2.1 Introduction

Semiconducting polymers have been of interest to the scientific community due
to their applications in electronic and photovoltaic devices. Poly(3-hexylthiophene)
(P3HT) is a semicrystalline polymer and is one of the most widely studied of the
semiconducting polymers due to its high charge carrier mobility.[1, 2| It has been
utilized as the main component in organic field effect transistors (OFETs)[3, 4] and
solar cells (OSCs) for a number of years. In both OFETs and OSCs, knowing and tuning
the morphology (crystallinity and crystal orientation) of P3HT is vital to optimize its
transport properties.

An advantage to semiconducting polymers, like P3HT, is their ability to be
fabricated via solution casting with low cost technologies such as spin, roll to roll[5, 6]
and spray coating.|7, 8] Solution processing allows for deposition on different substrates
(including flexible ones) and less material is required in production as compared to their
semi-metallic counterparts like silicon. Current research has seen OSC efficiencies reach
over 11%.|? | OSCs are typically made of a semiconducting polymer and an electron
accepting material, with the most commonly studied donor/acceptor system being

P3HT and the electron acceptor phenyl-Cg-butyric methyl ester (PCBM). They are
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mixed in a common solvent and deposited to create an active layer described as a bulk
heterojunction (BHJ).

Despite continued advancement in the development of OSCs, much is still un-
known on the relation between the morphology of the BHJ and processing conditions.
Researchers have realized annealing the BHJ above it glass transition temperature
improves the efficiency by causing two major nanoscale changes in the BHJ. First, an-
nealing causes the PCBM to diffuse and agglomerate which leads to improved electron
transport through the film.[9-15] Second, X-ray diffraction shows that the crystallinity
of P3HT increases from the unannealed to the annealed case.[5, 11, 16-18] While
X-ray diffraction has provided a useful comparison of pre and post-annealing P3HT
crystallinity, it is difficult to determine absolute crystallinity from this data, although
a recent attempt at this has been accomplished.[19]

Moreover, to determine absolute crystallinity of a semicrystalline polymer, one
must have a reference point from which to begin. For semicrystalline materials a
convenient reference point is the enthalpy of fusion (AH:°), which is the amount of
energy (per gram) that is required to melt a perfect, infinite crystal of that material.
This provides a maximum value from which all other crystals of that material can
be compared, to determine their level of perfection, i.e. crystallinity. The difficulties
of making such a crystal of a semiconducting polymer are well known|[20] and only
one successful report has been published to date.[21] Typically, this value is attained
through indirect experimentation and theoretical analysis. Malik and Nandi|22| were
first to acquire a value of AH® = 99 J/g for P3HT. Pascui et al.[23] contested this
value stating AH> = 37 J/g is a better estimate based on their '3C solid state nuclear
magnetic resonance (NMR) results. Later, Snyder et al.|24] postulated AH> = 50
J/g using a combination of 3C-NMR and differential scanning calorimetry (DSC).
Analysis of monodisperse 100% regioregular oligo(3-hexylthiophene)s by Koch et al.|25,
26| resulted in a clear definition of AH° = 39 J/g for Form I crystals and AHY® =
99 J/g for the less stable Form II crystals, lending credibility to the results from
Malik and Nandi and Pascui et al. Finally, Lee and Dadmun|27| defined limits of the
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Form I P3HT crystal as 37 — 50 J/g by examining P3HT amorphous and crystalline
densities using helium pycnometry and DSC. While AH;? for the Form I P3HT crystal
is being narrowed, many of the techniques are complicated and some require very
specific samples to be made.

A simple, alternative method to determine AH>° for P3HT is described in this
study. The method is derived from that utilized by Dole et al.|28] and Billmeyer|29|
to evaluate AH® for linear polyethylene within 95% accuracy, or two sigma standard
deviation. By taking data from differential scanning calorimetry (DSC) experiments
for a range of polymer molecular weights, one can employ a simple linear extrapolation
to obtain AH;° for any polymer of interest. Here, this analysis is performed with
P3HT and comparison to the results stated above is made. In addition, the onset
of chain folding within P3HT crystallites is highlighted based on measurements taken
from transmission electron microscopy (TEM) images of the crystals cast from solution.
Finally, a modification to AH;° based on the crystalline fraction within the samples is

performed which increases the accuracy of the DSC result.

2.2 Experimental

Two types of regioregular poly(3-hexylthiophene) were used in this work. The
first was synthesized via Grignard metathesis polymerization|30, 31| and four highly
regioregular molecular weights were produced as described in Table 2.1. The second
was an electronic grade commercial sample (labeled CS) purchased from Luminescence
Technologies Corp (see Table 2.1). The commercial sample was used without further
purification.

Poly(3-hexylthiophene) (P3HT) head-to-tail (HT) ratio, known as regioregular-
ity, is calculated by a method described by McCullough et al.[32, 33] As an example,
the analysis of regiorandom P3HT is described here (see Figure 2.1). The major peak
at 6.98ppm was assigned as HT-HT aromatic proton, and its integrated value was as-

signed as 1; the other three peaks at 7.01, 7.03, 7.05 ppm were assigned as non HT-HT
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Table 2.1: Characteristics of P3HT used in this paper.

Sample Designation | Number average | Molecular PDI’ | Regioregularity
degree of poly- | Weight (%)°
merization (g/mol)®
(DP)

DP31 31 5146 1.20 | 98.8%
DP47 47 7802 1.10 | 97.3%
DP62 62 10292 1.11 | 98.3%
DP66 66 10956 1.11 | 98.9%

CS 271 45000 =2 | >95%

¢Calculated from number average degree of polymerization from NMR and monomer
molecular weight (166 g/mol). °Polydispersity Index from GPC. ¢Calculated from H*
NMR (see below)

aromatic peaks, and their integration is 0.79. Therefore the regioregularity was deter-
mined to be 56% = 1/(1 + 0.79). This number is consistent with reported values in
the literature for samples made with FeCls, which is between 50-70%.[34] The chemical
resonances upfield of the aromatic protons are attributed to the methylene protons of
the hexyl side chain of P3HT and are not used in this analysis. The regioregularity of
all samples employed here were calculated in this manner.

A TA Instruments Discovery DSC equipped with an RCS90 cooling accessory
was employed for all differential scanning calorimetry experiments. Baseline calibration
was performed with sapphire disks while the temperature and the cell constant were
calibrated using an indium standard. Empty cell baseline variation was within 10 W
over ten cycles after calibration. Standard DSC experiments were performed at 10
°C/min heating and cooling rates with a 50 mL/min nitrogen cell purge flow. Three
heating and cooling cycles were performed. The second and third heats were almost
identical while the first heat showed some effect of the unknown thermal history of the
sample. The third heat data was analyzed and is reported in this work.

Transmission electron microscopy (TEM) was performed using a JEM-2010f
high resolution TEM. Samples for the TEM study were prepared by depositing a 0.4
mg/ml toluene solution of each P3HT sample onto carbon supported copper TEM grids
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Figure 2.1: H'* NMR of regiorandom P3HT illustrating the process of calculating
regioregularity in the P3HT samples employed in this work.

and allowing the solvent to evaporate overnight.

The grazing incidence x-ray scattering images were taken at the Cornell High
Energy Synchrotron Source (CHESS) D1 station. A wide bandpass (1.47%) double-
bounce multilayer monochromator supplied an intense beam of 10.1 keV photons.
These impinged onto the sample surface at various incident angles ranging from below
the critical angle of the film and above the critical angle of the substrate. Samples were
mounted on a sample goniometer to control the incident angle and the sample azimuth.
An accurate calibration of the incident angle was performed in-situ by measuring the
X-ray reflectivity from the sample using an ion chamber. Scattering intensities were
recorded with an area detector (Medoptics) with a resolution of 47.19 um per pixel

and a total area of about 50 mm by 50 mm at distance of 1180 mm from the sample

20



for small angle (GISAXS) and at distance of 91 mm from the sample for wide angle
(GIWAXS) analysis. The intense scattering in the incident plane was blocked with a
1.5 mm wide tantalum rod. Exposure times under these conditions ranged from 0.03
sec to 0.04 sec for GISAXS and 1.0 sec to 1.5 sec for GIWAXS, depending on the
sample scattering intensity.

X-ray reflectivity (XRR) was performed on a regiorandom P3HT thin film sam-
ple using a Rigaku Ultima IV X-ray machine with a Cu Ko (1.54 A) source. The sample
was prepared by spin casting onto a cleaned silicon wafer from a 30 mg/mL chloroben-
zene solution. Regiorandom P3HT was synthesized according to the literature[34], with
the result having a molecular weight (M,) = 21.6 kg/mol, PDI = 2.0 (by GPC) and
56% head-to-tail coupling (see H' NMR above).

2.3 Results and Discussion
2.3.1 DSC Analysis

The DSC heat flow curves of the P3HT samples are shown in Figure 2.2(a)
and are normalized to the mass of the sample. The melting transition of DP31 occurs
at the lowest temperature while the melting transition of the other samples occur
at higher temperatures. It is also observed, with the exception of DP31, that there
are multiple peaks for each endotherm. This is likely due to chain reorganization
and crystal perfection that occurred while heating each sample through its melting
transition. This phenomenon, called irreversible (or non-equilibrium) melting, has been
well documented for polymers.|[35, 36] Figures 2.2(b) and (c) show grazing incidence
wide angle scattering (GIWAXS) data of DP31 and DP66 samples, respectively, along
with their in plane and out of plane line profiles. Only (h00) reflections corresponding
to the Form I P3HT crystal can be observed in the out of plane profile for both samples
(d10o = 1.5 nm for each). This is supported by the d-spacing of the (020) pi-pi stacking
peak observed from the in plane profiles (dogp = 0.379 nm and 0.375 nm, respectively)
and the melting range observed in the DSC graphs of Figure 2.2(a).[25] Consequently,
the calculation of AH:? in this work will be only related to the Form I P3HT crystal.
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Figure 2.2: (a) DSC thermograms of the different P3HT samples used in this work.
Dashed lines are tangents drawn to illustrate the integrated area for each
sample. Graphs shifted vertically for clarity. GIWAXS data and their
associated in (red) and out (blue) of plane line profiles of (b) DP31 and
(c) DP66 samples.

Each melting endotherm in Figure 2.2(a) was processed first by fitting a tan-
gent to the baseline, followed by calculation of the area between the tangent and the
melting peak within the limits shown. The results of this give the enthalpy of the
melting transition (AH,,) for each sample which are plotted in Figure 2.3 against their
respective inverse number average molecular weights (i.e. 1/M). Some fractionated
crystallization[37] was observed in a few of the samples examined (see Fig. 2.2(a)).
The contribution of all crystal fractions, however, were included in the analysis. Also
included in Figure 2.3, and in our calculations discussed below, are two values pub-
lished by Pascui et al.[23] for P3HT samples that have two different molecular weights.
It should be noted that their DSC data was not used by them to find AH:° for P3HT.

Up to approximately 10,000 g/mol (defined as Low M region in Figure 2.3) there

is a steady linear increase in the enthalpy of melting as M increases (1/M decreases).
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Figure 2.3: Graph of melting enthalpy vs. 1/M for P3HT. Straight line drawn using
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diamonds are from Ref. [23] and is included with the data gathered here.

Above 10,000 g/mol (High M region) though, there is a sharp decrease in the melting
enthalpy, indicating a decrease in crystallinity. We attribute this decrease to the onset
of chain folding of the P3HT molecules which was further investigated and will be
discussed in the next section.

Therefore, to evaluate the heat of fusion of P3HT from the data in Figure 2.3
only the points in the Low M region were fitted to a straight line since only they possess
the crystal type necessary for this calculation (extended chain crystals are required as
explained in the next section). Fitting only the results of Pascui et al. yields AH® =
32.8 J/g which differs from their reported value. Fitting only our results gives AH® =

32.1 J/g. Combining both data sets and employing a linear fit, we obtain an average
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for highly regioregular (> 97%) P3HT of AH> = 34.3+1.7 J/g.

2.3.2 Onmnset of Chain Folding

The rapid drop in the melting enthalpy after a molecular weight of 10,000 g/mol
can be explained by the change in crystallization tendency for all polymers with in-
creasing molecular weight. For sufficiently low molecular weights, the P3HT chains
adopt the extended chain conformation when crystallizing, i.e. they crystallize like a
bunch of rigid rods, like pencils in a box. With an increase in molecular weight, the
rods increase in length and edge effects (such as chain ends) play a smaller role and
thus the energy required to melt the crystals increases; a principle similar to that of
oligomeric polyethylene.[28, 29] Larger molecular weights mean longer, more flexible
polymer chains that crystallize via the chain folded mechanism where parts of the poly-
mer chain itself are excluded from the crystal. These excluded sections do not play a
role in the crystallinity of the entire sample thus causing a reduction in the measured
AH,, as observed in this work. The onset of chain folding has been studied in-depth
for polyethylene[38-41] and poly(ethylene oxide)[41, 42] and parallels between those
materials and P3HT can be made.

Evidence of the onset of chain folding for P3HT can be obtained from TEM
micrographs shown in Figure 2.4. First, it is observed that the samples self assemble
into nanoscale fibrils that are well-defined and oriented. This organization transitions
into a more random assembly of nanofibrils as the molecular weight increases. There
is also an obvious increase in the dimension associated with the P3HT main chain
length (c-axis or nanofibril width), going from DP31 to DP62 as can be observed
from the difference in the width of the fibrils. However, the c-axis shrinks in the
DP66 and CS samples, though it is not easily observed in the TEM micrograph. The
width of the P3HT nanofibrils in each sample was therefore recorded through careful
measurements of the micrographs. The average of these measurements along with the

standard deviation is given in Table 2.2. These results are compared to theoretical
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Figure 2.4: Shown are TEM micrographs of DP31 (a), DP47 (b), DP62 (c), DP66 (d)
and CS (e) nanofibrils. Also shown is a schematic of the typical edge-on
P3HT crystal orientation (f).

values for the contour length (R,,..) of an equivalent freely jointed polymer chain,

calculated using the following equation[43|
Ryaw = Nb (2.1)

where b is the Kuhn length of P3HT and N is the number of Kuhn segments. The
persistence length of regioregular P3HT is reported as 2.4 nm (or 6 monomer units)|44|
which corresponds to one half its Kuhn length. From the data in Table 2.2, there is
good agreement between the measured and calculated values for DP31 through DP62.
However, the nanofibril width of DP66 and CS deviate greatly from theoretical esti-
mates and are both approximately 14 nm. The nanofibril width of P3HT has been

previously measured and has shown to be closely related to the solvent used and the
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sample preparation method.[45-47] While our results fall within the range of previous
studies, our crystals were formed by the much less controlled means of solvent drop
casting, which also explains the larger error in our measurements. The data in Ta-
ble 2.2 however implies that a minimum of 62 monomer units (or ~ 5 Kuhn segments)
is required for the onset of chain folding crystallization for P3HT. The ability to fold
results in an inevitable exclusion of part of the polymer chain from the crystal, thus
proving the reduced overall crystallinity of DP66 and CS as can be implied from the
data in Figure 2.3.

Table 2.2: Comparison of measured c-axes of each sample to theoretical values.

Sample | Nanofibril width (¢ axis) (nm)
Theoretical® Measured
DP31 12.4 10.3 = 1.3
DP47 18.8 15.6 £ 1.8
DP62 24.8 19.3 &£ 2.3
DP66 26.4 13.9 £ 1.7
CS 108.4 14.1 + 2.3

¢Calculated from Eq. 2.1.

2.3.3 AH Modification

As can be observed from Table 2.2, the measured nanofibril widths fall short of
their theoretical values. This shows that, even in the Low M region, the crystal does
not contain the entire chain length (i.e. samples are not 100% crystalline). This may
be an effect of the polydispersity or chain end exclusion. Thus the value of AH > stated
earlier requires modification. A correction factor is therefore developed to adjust the
values based on the amount of disorder present in each of the examined samples. From
the grazing incidence small angle X-ray scattering (GISAXS) experiments performed
on each sample (data not shown), a characteristic length scale called the long period
can be measured. The long period corresponds to the average center to center distance
from one high density (crystalline) phase to another which includes the low density

(amorphous) phase between them. This was extracted from the GISAXS data via a
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Porod analysis of the Bragg feature representing the long period, as was previously
performed.[46, 48, 49] A crystalline volume fraction is then obtained and is plotted
versus the degree of polymerization in Figure 2.5. Clearly, the samples containing
extended chain crystals only follow a linear trend while the chain folded crystals of
DP66 deviate from it as it does in the DSC data shown previously. Thus the linear
fit to the data up to DP62 can be used as a mass fraction correction to the DSC data
presented in Figure 2.3.
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Figure 2.5: Plot of crystalline P3HT volume fraction (®pystar) vs. degree of poly-
merization (DP) derived from the Porod analysis of GISAXS data (not
shown). Linear region up to DP62 can be used as correction factor for
the DSC melting enthalpy of the respective samples.

However, to employ this correction the polymer crystalline and amorphous den-
sities must be known. Prosa et al.[50] calculated the P3HT crystalline density to be
1.12 g/em3. Lee and Dadmun|27] proposed two different values for amorphous P3HT

obtained from He pycnometry. To confirm, a X-ray reflectivity study of a regiorandom
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P3HT thin film was performed and the results are displayed in Figure 2.6 and Table 2.3.
A value of 1.09 g/cm?® was obtained for regiorandom (fully amorphous) P3HT and is

thus employed for this calculation.
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Figure 2.6: X-ray reflectivity of regiorandom P3HT on a Si substrate with a natural
oxide layer showing the fit to the experimental data.

Table 2.3: Results of the X-ray reflectivity fitting procedure.

Material | Thickness (nm) | Density (g/cm?) | Roughness (nm)
P3HT 53.45 1.09 0.66
510, 2.44 2.64 0.01
Si N/A 2.33 3.55

By utilizing the correction factor on the data in the Low M region of Figure 2.3
(as shown in Figure 2.7), we arrive at a more accurate value of AH>® = 42.9+2 J/g
for highly regioregular (> 97%) P3HT. It can be observed from Figure 2.7 that even
without modification of the data, AH is still ~80% of the correct value.
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Figure 2.7: Graph of Low M region showing original and corrected values for the
melting enthalpies and their corresponding linear fits.

2.4 Secondary Confirmation of Crystallinity
While calorimetry is a straightforward way to measure polymer crystallinity,
there are other methods. An alternate route is to utilize the densities of the 100%

amorphous (p,) and 100% crystalline (p.) polymer via the equation:

_ PC(ps - pa)
‘ ps(pe — pa)

where x. is the crystalline mass fraction and p, is the sample density. As mentioned in

(2.2)

the Introduction, Lee and Dadmun|27] used a variant of this approach to narrow the
range of possibilities for AH:°, in which the value obtained here firmly lies.
An independent study was therefore performed where the density of a highly

crystalline sample was measured using helium pycnometry (AccuPyc 1330 pycnometer).
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This sample was crystallized in solution under shear and its characterization revealed
the creation of long, single crystal nanofibers.[51] Thus the assumption is made that
this material should represent the highest practical density for P3HT and its value can
be used as p. in Equation 2.2. A regiorandom sample and CS were also measured to

represent p, and ps respectively. The results are graphically displayed in Figure 2.8.
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Figure 2.8: Graph of P3HT density vs. crystalline fraction. Orange circles and line
depict the linear relationship between the fully amorphous (p,) and fully
crystalline (p.) P3HT. Blue square shows that the crystalline fraction in
CS from density measurements follows this relationship while the DSC

analysis gives a slightly lower result.

Comparing the crystallinity of CS measured by both density and DSC methods
described here, it is immediately observed that pycnometry obtained a higher crys-
tallinity (50%) than DSC (44%) and comments about this result should be made.

Mandelkern et al. described,[52, 53| while investigating polyethylene and copoly-

mers thereof, that evaluating polymer crystallinity via pycnometry regularly resulted
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in higher values than those from DSC analysis. It was explained that the measured
melting enthalpy of the crystal is negatively skewed by interfacial enthalpy of the crys-
tallites, unlike its density. This interfacial enthalpy is the result of a transition region
consisting of disordered chains exiting the crystal face and chains connecting neigh-
boring crystallites that forms between the crystal and the surrounding glassy region; a
topic that will be investigated further in the next chapter. Furthermore, large crystals
and those formed by solution crystallization seem to not have this discrepancy.[52] The
latter point gives credence to the assignment of p. to the density of the shear solution
crystallized P3HT.

Another observation is the difference in the measured density of regiorandom
P3HT (p,) by X-ray reflectivity and pycnometry. The literature has attributed this
phenomenon to a local, short range ordering effect persisting in regiorandom P3HT,
possibly due to 77 interactions|27, 54| or side chain dynamics.|55, 56] In this case,
even differences in polymer thin film versus bulk properties may play a role.[57] Until
a clear understanding of these effects is acquired, it is best to compare values obtained
by the same experimental method. Thus p, = 1.114 g/cm? was used in Figure 2.8.

Acknowledging the experimental differences and less understood complications
with amorphous P3HT, the value of z. for sample CS measured by both calorimetry
and pycnometry are in agreement. Hence the accuracy of calculations performed on

the calorimetric data gathered and the resulting value of AH?Y is confirmed.

2.5 Equilibrium Melting and Entropy

Other properties of P3HT revealed this experiment are the equilibrium melting
temperature (7°°) and the entropy of fusion (AS>°) via the same linear extrapolation
process. Values of melting temperature (7,,,)were measured from the DSC thermograms
shown in Figure 2.2. As described earlier, only the Low M region is relevant for
examination. The 7T;, data shown in Figure 2.9 was measured at the end of the melting

endotherm where the crystals are large and have Gibbs free energy similar to that of
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the supercooled liquid at that temperature as was defined by Hoffman and Weeks.[58]

Figure 2.9 also shows AS,, which is given by AH,,/T,,.
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Figure 2.9: Graph of T)° and AS;° versus inverse molecular weight of the Low M
region. Dashed lines are linear fits to each dataset. Points shown corre-
spond to the average value 4 one standard deviation.

Both datasets were fitted to a linear trend and the y-intercepts yielded 2854+ 1.5
°C (5584 1.5 K) and 12.6 £+ 1.5 J/mol-K for T2° and AS? respectively. Gopalan and
Mandelkern showed that (with the exception of more stringent experimental parameters
than those employed herein) using low molecular weight polymers to extrapolate to T.°
will result in higher than predicted values.[59] Our value therefore may represent the
upper limit for 7>° and a more careful study with higher molecular weights is likely to
provide more accurate results. A recent report by Snyder et al.,[60] where the initial
results of Koch et al.|26] were extended to higher molecular weights, found a lower
value of T)2° (272 °C) despite also reporting a larger value of AH>° (49 J/g) in the same

publication. Due to this, their value of ASS is in close proximity to ours.|61]
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2.6 Conclusion

We conclude by noting the correct value of AH? must be known to find the
crystallinity of P3HT or any of its composites in a quantitative manner. Also, from
this study we understand that the onset of chain folding for P3HT occurs at approxi-
mately 62 monomer units or 5 Kuhn segments in length (19.3 & 2.3 nm) under normal
conditions. The chain folded nanofibrillar structure has a width of 14 nm under the
conditions of this experiment. Utilizing data from GISAXS studies, a correction factor
was applied to the DSC results yielding a ~20% increase in AH™® to 42.9 + 2 J/g.
Independent polymer density analysis confirms this value. Conveniently, 7>° and AS®
can also be calculated with this technique and 77°° was recently used to find the surface
energy of single crystal P3HT fibers.[51| Future studies will include application of the
correct AH® to quantify the percent crystallinity within P3HT thin films. Knowl-
edge of these quantities will advance understanding of the role degree of crystallinity
has for semiconducting polymers with the structure/property relationships of devices

fabricated from them.
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Chapter 3

QUANTIFYING THE RIGID AMORPHOUS FRACTION IN
POLY(3-HEXYLTHIOPHENE)

Adapted with permission from Remy, R.; Wei, S.; Campos, L. M.; Mackay, M.
E. ACS Macro Lett. 2015, 4, 1051-1055. Copyright 2015 American Chemical Society.

3.1 Introduction

Semiconducting polymers have shown great utility in applications such as field
effect transistors, light emitting diodes and solar cells. Poly(alkylthiophene)s, espe-
cially poly(3-hexylthiophene) (P3HT), are the most widely investigated polymers for
these applications but the performance of these materials is highly dependent on their
morphology. Regioregular P3HT (rrP3HT) is a semicrystalline polymer and it has
been shown[1| that its crystallinity is important in determining its electrical properties
which directly influences device performance; a classic materials science challenge to
relate morphology to performance.

The most facile method of determining quantitative polymer crystallinity is
via differential scanning calorimetry (DSC). All that is required is knowledge of the
enthalpy of fusion of an infinitely large crystal (AHS°) for the polymer in question. For
some time there has been conflict in the literature about this value for rrTP3HT.[2-5]
Recently though, we have determined AH® = 42.9 J/g for rrP3HT using an approach
derived from the literature on linear polyethylene,[6] that agrees well with the value
given by Snyder et al.|[7] Now it is possible to quantitatively determine the crystallinity
of a P3HT specimen using DSC to address the above challenge.

While polymer crystallinity is important, it has also been shown that more

attention should be directed to the disordered or amorphous component of these
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materials.[8—15] It is well known that the hole mobility for rrP3HT, and other semicon-
ducting polymers by extension, increases with molecular weight.[8-13] The reason is
due to an increase in the number of entanglements so the material consists of crystallites
that are interconnected by amorphous chain segments spanning them (also known as tie
chains). This point was expounded upon further by Noriega et al. who discovered that
the measured paracrystallinity (or degree of disorder) in these materials is correlated
to their charge transport properties and that poorly ordered materials have a tolerance
to charge traps within aggregates.|14| Utilizing cyclic voltammetry, UV-vis absorption
and ultraviolet photoelectron spectroscopy, Sweetnam et al. observed valence band
offsets between amorphous and crystalline portions of semiconducting polymers and
blends containing a fullerene donor that act as a driving force for hole extraction from
the mixed phase, thereby improving charge separation.[15] Due to the importance of
morphological details to charge transport properties, we present a method that provides
quantitative data representing the physical fractions of crystalline and amorphous ma-
terial present in rrP3HT to deepen the understanding of the multi-phase morphology
of semiconducting polymers.

From the polymer physics perspective, the amorphous polymer phase can be fur-
ther divided into two fractions. The first fraction consists of the traditional amorphous
chains where they are free to move according to the standard polymer kinetics models
above the glass transition temperature (7,). This is called the mobile amorphous frac-
tion (MAF). The second fraction consists of constrained, yet still disordered, chains
called the rigid amorphous fraction (RAF). These terms were first coined by Wunderlich
and coworkers while investigating the glass transition of poly(oxymethylene).[16] RAF
has since been discovered in many other semicrystalline polymers[17] and is thought
to exist at crystal/amorphous interfaces as well as interfaces between polymers and
fillers in composites.[18, 19] With regard to semiconducting polymers, there has been
literature mentioning its existence, mainly in relation to anomalies or deviations in
data sets, although the quantity present was not determined.[2, 20-24]

Temperature modulated DSC (TMDSC) has been previously proven effective at
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elucidating the weak Tj of rrP3HT and has been used to construct phase diagrams of
rrP3HT and fullerene mixtures.[25-27] Here, TMDSC is utilized to examine rrP3HT
samples for the presence of all three polymer phases defined above. First we describe
the TMDSC criteria for accurate data collection which allows for a comprehensive
analysis in one experiment. The step change in heat capacity at T, (AC), amor) for fully
amorphous regiorandom P3HT (ranP3HT) is then evaluated for use in determining the
RAF. By focusing on the Tj of rrP3HT, analysis can be performed to properly elucidate
its nature as a three step transition which involves the devitrification of different parts
of the polymer chain in sequence. Thus, the first calculation of rrP3HT MAF and RAF
in the literature to date is accomplished. Finally, this study is extended to thin films
of both ranP3HT and rrP3HT to reveal and explain deviations from bulk behavior due

to processing.

3.2 Experimental

Experiments in this report were performed on rrP3HT purchased from Lumi-
nescence Technologies Corp (Mw ~ 45 kg/mol, PDI > 2, regioregularity >95%) and
were used without further purification. ranP3HT also employed here was synthesized
according to the literature[28] (M,, = 21.6 kg/mol, PDI = 2.0 and 56% H-T coupling
determined by NMR). DSC measurements were done at 10°C/min and TMDSC mea-
surement parameters are displayed in the respective figures below. For bulk analysis,
rrP3HT specimens were first crystallized from the melt at 10°C/min to impart identi-
cal thermal histories while ranP3HT samples were quenched from 300°C to preserve its
amorphous nature.

Thin films of both ranP3HT and rrP3HT were fabricated via spin coating from
30mg/mL chlorobenzene solutions that were prepared by stirring overnight at room
temperature. Glass substrates were prepared by cleaning with soapy water, acetone
then isopropyl alcohol, followed by UV ozone treatment for 30 minutes. The substrates
were then coated with a 40nm layer of PEDOT:PSS and placed in an oven for 15

minutes. They were then cooled and transferred to a Ny glovebox where the P3HT
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solutions were spun coat at 600rpm for 60 seconds to produce =~ 220 nm thick, uniform
films. The P3HT films were finally released from the substrates by slow immersion into
deionized water that dissolved the underlying PEDOT:PSS layer leaving the P3HT
layer to be collected, dried (under vacuum and room temperature for 48 hours) and
tested. The thin films are subjected to two TMDSC heating scans to 300 °C separated

by a quench, in the case of ranP3HT, or a 10 °C/min cooling scan for rrP3HT.

3.3 Results and Discussion
3.3.1 MDSC Technique and Parameter Optimization

While typical DSC has only one parameter, the heating rate (b in °C/min),
TMDSC has three; the heating rate (b), the amplitude of modulation (B in °C) and
the period of modulation (p in sec), each of which affects the data output according to
the relation:

2
T(t) = Ty + bt + Bsin(“2t) (3.1)
p

where T'(t) is the temperature at a given time ¢ and T is the initial temperature. Full
mathematical descriptions of TMDSC have been published elsewhere.|29, 30] More-
over, the method by which data is extracted involves a deconvolution procedure (in
most cases a Fourier Transform) which requires sufficient oscillations within a given
transition to produce a correct result with a satisfactorily small error. Therefore, to
obtain the the most accurate information from TMDSC, the experimental parameters
must be optimized.

To this end, we refer to the early work of Reading and coworkers.[31-33| They
showed that TMDSC is virtually indistinguishable from conventional DSC of the same
heating rate by overlaying the total heat flow from TMDSC and the heat flow from
conventional DSC.[33] It was also illustrated that there is little loss of quantitative
information with a change in experimental method. Figure 3.1 displays this overlay
plot for rrP3HT with two different TMDSC parameter sets. The parameters for Fig-

ures 3.1a and b were obtained from recent literature,[24] while Figures 3.1c and d are
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Figure 3.1: Deconvoluted data from two TMDSC experiments on rrP3HT. Total heat
flow thermograms are shown in (a) and (¢) with their experimental pa-
rameters. An overlay of their respective heat flow signals from a typical
DSC experiment (red dashed lines) is also shown to illustrate the sim-
ilarity in the resultant data of both methods. Black dot-dashed line in
(c) defines the area used to calculate sample crystallinity. Reversing and
non-reversing heat flow thermograms for (a) and (c) are displayed in (b)
and (d), respectively.

the parameters employed in the present study. Clearly, the experimental conditions
used to produce the data in Figure 3.1c are in agreement with the expected result.

A difference in the data is also observed in the reversing and non-reversing sig-
nals. In fact, another requirement mentioned by Reading and coworkers is the necessity
for multiple temperature oscillations over a given transition, such as the melting point
(achieved by lowering the heating rate and period of oscillation), which reduces the

deconvolution error associated with the analysis.[31-33] While it could be said that
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Figure 3.2: Raw TMDSC data from both experimental parameters. (a) Parameters
taken from Ref. [24] and (b) parameters used in this study. (c¢) shows a
magnified view of the melting transition in (b). It can be observed that
the parameters used here more than double the oscillations across the
melting transition resulting in more accurate deconvolution.

Figure 3.1b shows recrystallization and reorganization during melting, the incorrect
parameters and low oscillation density across the melting transition render this de-
scription false. This is clearly depicted in Figure 3.2 where the density of oscillations
achieved using the parameters in this study is higher than that taken from the previ-
ously published study.|24]| Therefore the accuracy in our analysis is maximized.

Thus Figure 3.1d correctly shows the bulk of the melting process occurring in
the non-reversing signal since melting should not follow the applied temperature os-

cillations. We contend, therefore, that care must be taken in the choice of TMDSC
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experimental parameters and the results of Beckingham et al.[24] may require addi-
tional evidence to properly support their claim.

In addition to the stated TMDSC requirements, to obtain quantitative crys-
tallinity measurements, the sample should not be allowed to cool (and therefore crys-
tallize) during the experiment. Thus, the oscillation amplitude was reduced to where
the instantaneous heating rate is never negative (i.e. dT'(t)/dt > 0). The technique
utilizing this restriction is called heat-only TMDSC and is applied to all subsequent

data shown in this work.

3.3.2 RAF Calculation for Bulk rrP3HT

The rigid amorphous fraction (RAF) is calculated according to the equation:|16,

17]
AH,  ACyuum
AHY ~ ACyamor

where AH,, is the sample enthalpy of melting, AH° is the enthalpy of fusion of a

RAF =1 -

(3.2)

perfect, infinite P3HT crystal, AC), sm is the step change in heat capacity at T, of
the sample and AC), 4mer is the step change in heat capacity at T, of 100% amorphous
P3HT. The second term in Figure 3.2 is the sample’s crystallinity and the final term
is its MAF. We have previously determined AH ° for rrP3HT|6] and AH,, is directly
measured from the total heat flow data (or the sum of the reversing and non-reversing
melting transitions, whichever is easier. See Figure 3.1). However, the final term (or
MAF) of the expression has never been evaluated for P3HT.

While it is difficult to obtain 100% amorphous rrP3HT, ranP3HT is naturally
amorphous and of identical chemical composition. Therefore, AC), 4mor can be directly
measured from the 7}, of ranP3HT as depicted in Figure 3.3. From the derivative curve
(Figure 3.3c) it is obvious that the T, of ranP3HT is one single transition at 15°C
and a value of AC), ymer = 0.324£0.02 J/g°C is obtained. Wunderlich explained that
the step change in heat capacity at the glass transition (AC) 4mor) of an amorphous
polymer can be calculated by dividing the monomer unit into "mobile beads," each of

which contributes approximately 11 J/mol°C.[34] These beads are related to the hole
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Figure 3.3: TMDSC thermograms showing ¢ of ranP3HT (a) and rrP3HT (b),

along with their respective derivatives, de;®/dT’, in (c) and (d). The
red dashed lines in (b) and (d) identify the local minima in dc,**/dT for
rrP3HT used to assign regions I, IT and III.

theory of liquids as described by Hirai et al.[35, 36] used to describe bulk viscosity and
other thermodynamic quantities such as heat capacity, compressibility and thermal
expansion. The theory describes them as the smallest molecular unit of a liquid (glass)
that can affect the hole equilibrium in that liquid (glass). At T,, the number of holes
is assumed constant so the change in heat capacity of the material is related to the
number of mobile beads interacting with the holes at that temperature.

Using P3HT monomer molecular weight (166.28 g/mol) to convert our result, we
obtain 53.2 J/mol’C for AC), 4mer- This means ~ 5 beads contribute to the measured
value. We propose P3HT is divided into these beads as shown in Figure 3.4 where

the thiophene ring is one "large" bead that contributes the energy equivalent of two
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Figure 3.4: Illustration defining the proposed "mobile beads" that comprise a P3HT
monomer unit. Blue represents the large bead that provides twice the
energy as the small beads (red).

"small" beads, similar to the benzene ring in polystyrene, for example.[37| In contrast,
the Tj, and derivative curve of rrP3HT, shown in Figure 3.3b and d respectively, is
more complicated.

First, there is a transition that culminates at approximately 0°C but extends
to temperatures below the instrument’s capabilities. Previous research has described
that this is likely from configurational dynamics of the side chains|23] with an onset
just before -75°C.[22]| Interestingly, this is not noticeable in ranP3HT suggesting that
it may originate from the side chains within the crystallites but confirmation of this is
beyond the scope of this paper. Immediately afterwards, the T}, of the polymer occurs,
so the measurement of AC), 54, for rTP3HT was first taken between 0°C and 65°C,
where the derivative curve plateaus (see Figure 3.3c). It should be mentioned that no
side chain melting was observed in this experiment as was seen for lower molecular
weight rrP3HT|3, 38, 39| (see Figure 3.1d). With all of the necessary information, the
resultant RAF for rrP3HT is ~ 2%.

Yet, this value is uncharacteristically low for a polymer with such high crys-
tallinity (see Table 3.1). Reconsidering the derivative curve for rrP3HT reveals the T,

as a two step transition evidenced by the minimum in the derivative at ~ 30°C (see

20



1.70 FF

1.65 -

1.60

1.55 -

cy [J/(g°C)]

1.50

y Y
145 L7 | 1 | 1 | —4
0

20 40 60
Temperature (°C)

Reversing Specific Heat Capacity

Figure 3.5: A closer view of ¢;* of rrP3HT showing how AC), 4 was split into AC),
and AC, 5 for the calculation of MAF and RAF respectively.

Figure 3.3d). In this light, an alternate calculation was performed whereby AC), sum,
was divided into AC,; and AC), 9, as shown in Figure 3.5, to represent the devitrifi-
cation of the MAF then RAF successively. Since AC),; occurs in the same location as
the fully mobile ranP3HT T, this transition is due to the MAF which means AC),
is therefore the relaxation of the RAF in rrP3HT. By dividing AC,; and AC,, by
AC, gmor the mass percentages of MAF and RAF were found, respectively, and are
shown in Table 3.1. One can also use AC,; as AC) m in Equation 3.2 to obtain a
similar RAF to Table 3.1. The similar result from both methods validates the assign-
ment of AC, 2 as the RAF transition. Finally, a summation of all three phases gives
97.6% which, although less than 100%, is accurate considering the error in AC), ymor 18
~ 6%. These results are comparable with calculations performed on other semicrys-

talline polymers.|16]
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Table 3.1: Measurements from TMDSC of rrP3HT

Crystalline Fraction MAF RAF Sum
Measured Values AH,, =18.0J/g ACp 1 =0.097 J/g°C | ACp2 = 0.081 J/g°C
Calculated Percentage 42.0% 30.3% 25.3% 97.6%

The RAF calculated here represents at least a fraction of the tie molecules and
dangling chain ends that protrude from the rrP3HT crystallites formed from the non-
isothermal crystallization preformed prior to data collection, as was described earlier.
This would be the only location where amorphous polymer chains are under constraint
in this experiment. Due to this, the RAF is potentially an essential part of the charge
transfer interface between crystalline and amorphous polymer regions (i.e. MAF) or
between crystallites and fullerene aggregates in solar cells. Changes in this morphology

due to spin coating is discussed in the following sections.

3.3.3 RAF Calculation for Thin Film ranP3HT

While analyzing the physical properties of bulk P3HT is fundamental to the
understanding of the material itself, the polymer is typically processed into thin films
and fibers for use in optoelectronic devices. Thus, how the previously discussed phases
change when going from bulk to thin film must be investigated. To this end, 220
nm films of both ranP3HT and rrP3HT were prepared by spin coating from individ-
ual chlorobenzene solutions onto PEDOT:PSS coated glass substrates. There are two
reasons why PEDOT:PSS was coated onto the glass substrates. First, in the conven-
tional polymer solar cell architecture, PEDOT:PSS is deposited as a common electron
blocking layer between the bulk heterojunction and the anode (or in this case the glass
substrate). This directly links these results to such applications. Second, in contrast to
P3HT, PEDOT:PSS is water soluble which makes it an appropriate sacrificial material
to aid in the release of the top P3HT layer from the substrate for TMDSC analysis.
This approach to obtain in tact thin films has been applied in previous research from
this group.|40, 41| Further details of film fabrication and removal can be found in the

experimental section of this chapter.
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Figure 3.6: Graphs showing ¢ in the T, region of a ranP3HT thin film (a) and
its derivative (b). Both first heat and second heat data are shown to
illustrate the difference in AC), due to thin film effects. Graphs in (a) are
vertically offset for clarity.

Figure 3.6 shows TMDSC first and second heating scans of a ranP3HT thin film
sample in the T, region. There is a clear difference in AC), of the sample in the two runs.
The second heat is similar to the bulk ranP3HT that was described in the previous
section (AC, = 0.30 J/g°C =~ AC) 4mor). This confirms that the material has returned
to its bulk state after quenching from 300°C. However, the lower AC), so,,= 0.20 J/g°C
of the first heat clearly shows that some of the material is missing from this transition
as is evident in the derivative curves also (see Figure 3.6b). Additionally, there is a
reduction in 7, to ~ 8°C. There is a wealth of information concerning changes in thermal
properties due to interfacial effects in polymer thin films from which an explanation of
this data can be devised.

Research has shown that depending on the nature of the interaction at the poly-
mer /substrate interface, differences in thermal expansion, chain mobility and stiffness
between polymer chains close to the interface and in the bulk film will arise.[42-50] This
can cause deviations (mainly an increase) in the T}, though its effective range is limited;
only becoming a factor in films < 50 nm thick which is not the case here. It should

be noted that Huang et al.[51] showed that PEDOT:PSS and P3HT have the ability
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to chemically react at the interface on annealing, which suggests the characteristics of
this interface may play at least a minor role in the observed behavior.

With regard to the free polymer surface, thin polymer films have a liquid-
like behavior (higher mobility) which depresses the overall T, as observed by vari-
ous methods.[42, 52-58| Experiments and simulations demonstrating this have mainly
employed polystyrene and poly(methyl methacrylate) as model systems, showing an
effective range of < 100 nm. It is therefore practical to assume that the inter- and
intramolecular interactions present in P3HT,[5, 22, 23, 59| coupled with both interface
and free surface effects, will extend these ranges and alter the properties of the films
studied in this section. Since the outcome is a reduced 7}, in the thin film as compared
to the bulk, the free surface effect clearly dominates in the case of ranP3HT.

While it follows that the interactions in ranP3HT thin films are similar to other
amorphous polymers, further analysis using the AC) s value obtained from Fig-
ure 3.6a can be accomplished. With knowledge of the film thickness (t) and AC, smor

the thickness of the layer formed at the air interface (t;,;) can be calculated using the

AC
tig =t 1 — —p,sam .
! < ACvp,amor) (3 3)

The bracketed term is simply the missing fraction of a 100% amorphous (i.e. zero

equation:|60]

crystalline fraction) material which is valid for ranP3HT. Treating the ranP3HT film
as a bilayer, one bulk-like and one liquid-like, Equation 3.3 can be used to calculate the
thickness of the liquid-like top layer of the ranP3HT film: an approach that has proven
effective in the past.[42] The result t;,;, = 82.5 nm represents 37.5% of the total
film thickness that, in comparison, is ~ 20 nm thicker than the same layer found in
polystyrene thin films according to simulations.|[45] This supports the aforementioned
claim of the additional effect of inter- and intramolecular forces in P3HT. Tt is important
to note that the liquid-like layer — by its very definition — should not be referred to
as a RAF since that would cause an increase in Tj as in the section above or show a

second T, like bulk rrP3HT.
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3.3.4 RAF Calculation for Thin Film rrP3HT

Attention is now directed towards the semicrystalline rrP3HT thin films. As is
displayed in Figure 3.7a and b, the MAF transition seems to be the most affected by
spin coating, evidenced by the difference in intensity of the derivative curve in that
region (see Figure 3.7b). The other two regions (RAF and side chain regions to the
right and left respectively) appear unchanged between first and second heating of the
thin film sample. So where did the rest of material that should be in the MAF region

go?
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Figure 3.7: Graphs showing ¢, in the Tj region of a rrP3HT thin film (a) and its
derivative (b) as well as a magnification of the melting region (c). Red
dashed lines in (a) and (b) indicate side chain, MAF and RAF regions
respectively. Black dot-dashed line in (c) illustrates the baseline from
which crystallinity was measured. Graphs are vertically offset for clarity.
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It is immediately observed that the melting region shown in Figure 3.7c is also
different between the first and second heat. As opposed to the peak and shoulder
outline of bulk rrP3HT melting curve, the thin film melting curve exhibits a single
broad peak. This might imply an increased distribution of crystal sizes present in the
spun cast film, which is a direct result of the kinetic processes involved in spin coating,

compared to the bulk.

Table 3.2: Calculated percentages of the three phases in rrP3HT thin films.

Crystallinity MAF RAF Sum
1% Heat (thin film) | 48.0 + 3.8% | 23.5 + 3.2% | 25.5 &+ 6.4% | 97.0%
2" Heat (bulk-like) | 43.0 4= 3.2% | 28.9 £ 2.4% | 25.4 + 4.1% | 97.3%

To confirm the above observations, the three polymer phases were quantified as
was done for bulk rrP3HT in Section 2.3.2 and the results tabulated in Table 3.2. As
was stated above, the MAF is smaller in the thin film than the bulk. Notably, the
second heating scan shows identical results to the previously calculated bulk rrP3HT,
cofirming the return of the thin film sample to the bulk state after non-isothermal
crystallization from the melt. Interestingly, the ~ 5% decrease of MAF accompanies a
similar increase in the polymer thin film crystallinity compared to bulk values. Schon-
herr and Frank reported,|61, 62| while investigating poly(ethylene oxide), that the
theory for bulk crystallization holds in thin films but absolute crystallinity decreases
with film thickness. The films in this study did not suffer this loss of crystallinity,
negating this effect. However, Tsuruta et al. have recently reported polymer chain
orientation due to spin coating close to the interface in polystyrene/quartz samples
which does not relax until well above 7,.[63] This orientation could reduce MAF in the
film and potentially nucleate crystals at the polymer/substrate interface. Therefore
forces involved in spin coating produced a thin film with both increased crystal size
distribution and overall crystallinity yet with a similar RAF to the bulk polymer. This

constant RAF may be an indication that the interfacial width between a crystal and
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surrounding amorphous chains (MAF) arrived at an equilibrium value in the pure ma-
terial — at least within the boundaries of this experiment. In contrast to the ranP3HT
thin film, no evidence of a liquid-like layer is observed as the sum of all polymer phases
in Table 3.2 accounts for the total mass of the rrP3HT thin film sample, within error.
The ability of the polymer to crystallize therefore nullified the surface effect observed
in thin film ranP3HT.

3.4 Conclusion

In conclusion, it has been found that the amorphous regions of rrP3HT relax
before a rather modest 65°C, well below typical P3HT annealing temperatures (120 —
140°C). The result not only represents the first quantification of these morphological
entities in rrP3HT, but also has implications in the description of the charge transfer
interface in electronic devices made from it. Qualitative confirmation of the results from
bulk rrP3HT was recently published|[59] highlighting the growing attention towards
better insight into the RAF for semiconducting polymers.

Thin films of ranP3HT contain a 82.5 nm liquid-like layer similar to that discov-
ered at the surface of other amorphous polymers. The characteristics of this layer lead
to T, depression which distinguishes it from the RAF found in rrP3HT. Compared to
bulk rrP3HT, crystallinity and MAF for thin film rrP3HT were increased and decreased
respectively and are attributed to effects of spin coating on the film morphology.

This study underlines the non-trivial nature of the morphology of semicrys-
talline, semiconducting polymers and the thin films fabricated from them. In both the
bulk and thin film state, a three phase model should always be used to fully describe
the material’s morphology. Additionally, many of the high performance semiconducting
polymers being studied currently are completely amorphous which places even more
importance on the MAF and RAF that are formed in these systems. It was also shown
that interfacial effects in the thin film state should always be included when consid-

ering amorphous semiconducting polymers. Quantitative research into the disordered
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phases of polymer semiconductors will deepen the understanding of the morphology

necessary to optimize electronic device performance.

o8



1]

2]

3]

4]

[5]

(6]

7]

BIBLIOGRAPHY
Svetlana S. van Bavel, Maik Béarenklau, Gijsbertus de With, Harald Hoppe, and
Joachim Loos. P3HT/PCBM Bulk Heterojunction Solar Cells: Impact of Blend

Composition and 3D Morphology on Device Performance. Adv. Funct. Mater.,
20(9):1458-1463, apr 2010.

Sudip Malik and Arun K. Nandi. Crystallization mechanism of regioregular poly(3-
alkyl thiophene)s. J. Polym. Sci. Part B Polym. Phys., 40(18):2073-2085, sep
2002.

Ovidiu F. Pascui, Ruth Lohwasser, Michael Sommer, Mukundan Thelakkat,
Thomas Thurn-Albrecht, and Kay Saalwachter. High Crystallinity and Nature of
Crystal-Crystal Phase Transformations in Regioregular Poly(3-hexylthiophene).
Macromolecules, 43(22):9401-9410, nov 2010.

Jens Balko, Ruth H. Lohwasser, Michael Sommer, Mukundan Thelakkat, and
Thomas Thurn-Albrecht. Determination of the Crystallinity of Semicrystalline
Poly(3-hexylthiophene) by Means of Wide-Angle X-ray Scattering. Macro-
molecules, 46:9642—-9651, dec 2013.

Cameron S. Lee and Mark D. Dadmun. Important thermodynamic characteristics

of poly(3-hexyl thiophene). Polymer, 55(1):4-7, jan 2014.

Roddel Remy, Emily Daniels Weiss, Ngoc A. Nguyen, Sujun Wei, Luis M. Cam-
pos, Tomasz Kowalewski, and Michael E. Mackay. Enthalpy of fusion of poly(3-
hexylthiophene) by differential scanning calorimetry. J. Polym. Sci. Part B Polym.
Phys., 52(22):1469-1475, nov 2014.

Chad R. Snyder, Ryan C. Nieuwendaal, Dean M. Del.ongchamp, Christine K.
Luscombe, Prakash Sista, and Shane D. Boyd. Quantifying Crystallinity in High
Molar Mass Poly(3-hexylthiophene). Macromolecules, 47(12):3942-3950, jun 2014.

29



8]

[9]

[10]

[11]

[12]

[13]

R.J. Kline, M.D. McGehee, E.N. Kadnikova, J. Liu, and J.M.J. Fréchet. Con-
trolling the Field-Effect Mobility of Regioregular Polythiophene by Changing the
Molecular Weight. Adv. Mater., 15(18):1519-1522, sep 2003.

RJ Kline, MD McGehee, EN Kadnikova, Jinsong Liu, Jean MJ Frechet, and
Michael F Toney. Dependence of regioregular poly (3-hexylthiophene) film mor-
phology and field-effect mobility on molecular weight. Macromolecules, 38:3312—
3319, 2005.

Rui Zhang, Bo Li, Mihaela C Iovu, Malika Jeffries-El, Geneviéve Sauvé, Jes-
sica Cooper, Shijun Jia, Stephanie Tristram-Nagle, Detlef M Smilgies, David N
Lambeth, Richard D McCullough, and Tomasz Kowalewski. Nanostructure De-
pendence of Field-Effect Mobility in Regioregular Poly (3-hexylthiophene) Thin
Film Field Effect Transistors. J. Am. Chem. Soc., 128(11):3480-3481, 2006.

Jui-Fen Chang, Jenny Clark, Ni Zhao, Henning Sirringhaus, Dag W. Breiby,
Jens W. Andreasen, Martin M. Nielsen, Mark Giles, Martin Heeney, and lain
McCulloch. Molecular-weight dependence of interchain polaron delocalization
and exciton bandwidth in high-mobility conjugated polymers. Phys. Rev. B,
74(11):115318, sep 2006.

Ajay A Virkar, Stefan Mannsfeld, Zhenan Bao, and Natalie Stingelin. Organic
semiconductor growth and morphology considerations for organic thin-film tran-

sistors. Adv. Mater., 22(34):3857-75, sep 2010.

Felix Peter Vinzenz Koch, Jonathan Rivnay, Sam Foster, Christian Miiller,
Jonathan M. Downing, Ester Buchaca-Domingo, Paul Westacott, Liyang Yu,
Mingjian Yuan, Mohammed Baklar, Zhuping Fei, Christine LLuscombe, Martyn A.
McLachlan, Martin Heeney, Garry Rumbles, Carlos Silva, Alberto Salleo, Jenny

Nelson, Paul Smith, and Natalie Stingelin. The impact of molecular weight on

60



[14]

[15]

[16]

[17]

18]

[19]

20]

microstructure and charge transport in semicrystalline polymer semiconductors—
poly(3-hexylthiophene), a model study. Prog. Polym. Sci., 38(12):1978-1989, dec
2013.

Rodrigo Noriega, Jonathan Rivnay, Koen Vandewal, Felix P V Koch, Natalie
Stingelin, Paul Smith, Michael F Toney, and Alberto Salleo. A general relationship
between disorder, aggregation and charge transport in conjugated polymers. Nat.

Mater., 12(11):1038-44, nov 2013.

Sean Sweetnam, Kenneth R Graham, Guy O Ngongang Ndjawa, Thomas
Heumiiller, Jonathan A Bartelt, Timothy M Burke, Wentao Li, Wei You, Aram
Amassian, and Michael D McGehee. Characterization of the polymer energy land-
scape in polymer:fullerene bulk heterojunctions with pure and mixed phases. J.

Am. Chem. Soc., 136(40):14078-88, oct 2014.

Hidematsu Suzuki, Janusz Grebowicz, and Bernhard Wunderlich. Glass transition

of poly (oxymethylene). Br. Polym. J., 17:1-3, 1985.

B Wunderlich. Reversible crystallization and the rigid-amorphous phase in

semicrystalline macromolecules. Prog. Polym. Sci., 28:383-450, 2003.

Albert Sargsyan, Anahit Tonoyan, Sevan Davtyan, and Christoph Schick. The
amount of immobilized polymer in PMMA SiO2 nanocomposites determined from

calorimetric data. Eur. Polym. J., 43(8):3113-3127, aug 2007.

Andreas Wurm, Mohamed Ismail, Bernd Kretzschmar, Doris Pospiech, and
Christoph Schick.  Retarded Crystallization in Polyamide/Layered Silicates
Nanocomposites caused by an Immobilized Interphase. Macromolecules,

43(3):1480-1487, feb 2010.

Sharon Xin Lu and Peggy Cebe. Effects of annealing on relaxation behavior and
charge trapping in film-processed poly(phenylene sulfide). J. Appl. Polym. Sci.,
61(3):473-483, jul 1996.

61



[21]

[22]

23]

[24]

[25]

[26]

27]

28]

Susmita Pal and Arun K. Nandi. Cocrystallization mechanism of poly(3-alkyl
thiophenes) with different alkyl chain length. Polymer, 46(19):8321-8330, sep
2005.

Shireesh Pankaj, Elke Hempel, and Mario Beiner. Side-Chain Dynamics and Crys-
tallization in a Series of Regiorandom Poly(3-alkylthiophenes). Macromolecules,

42(3):716-724, feb 2009.

Ryan C. Nieuwendaal, Chad R. Snyder, and Dean M. DelLongchamp. Measur-
ing Order in Regioregular Poly(3-hexylthiophene) with Solid-State 13 C CPMAS
NMR. ACS Macro Lett., 3(2):130-135, feb 2014.

Bryan S. Beckingham, Victor Ho, and Rachel A. Segalman. Formation of a Rigid
Amorphous Fraction in Poly(3-(2’-ethyl)hexylthiophene). ACS Macro Lett., pages
684688, jul 2014.

Jun Zhao, Ann Swinnen, Guy Van Assche, Jean Manca, Dirk Vanderzande, and
Bruno Van Mele. Phase diagram of P3HT /PCBM blends and its implication for
the stability of morphology. J. Phys. Chem. B, 113(6):1587-91, feb 2009.

Jun Zhao, Sabine Bertho, Joke Vandenbergh, Guy Van Assche, Jean Manca, Dirk
Vanderzande, Xiaoqing Yin, Jingdan Shi, Thomas Cleij, Laurence Lutsen, Bruno
Van Mele, Guy Van Assche, and Bruno Van Mele. Phase behavior of PCBM blends
with different conjugated polymers. Phys. Chem. Chem. Phys., 13(26):12285-92,
jul 2011.

Trinh Tung Ngo, Duc Nghia Nguyen, and Van Tuyen Nguyen. Glass transition
of PCBM, P3HT and their blends in quenched state. Adv. Nat. Sci. Nanosci.
Nanotechnol., 3(4):045001, sep 2012.

Richard D. McCullough. The Chemistry of Conducting Polythiophenes. Aduv.
Mater., 10(2):93-116, jan 1998.

62



[29]

[30]

[31]

32]

[33]

[34]

[35]

136]

37]

[38]

Bernhard Wunderlich, Yimin Jin, and Andreas Boller. Mathematical description
of differential scanning calorimetry based on periodic temperature modulation.

Thermochim. Acta, 238:277-293, jun 1994.

A. A. Lacey, C. Nikolopoulos, and M. Reading. A mathematical model for Mod-
ulated Differential Scanning Calorimetry. J. Therm. Anal., 50(1-2):279-333, sep
1997.

P. S. Gill, S. R. Sauerbrunn, and M. Reading. Modulated differential scanning
calorimetry. J. Therm. Anal., 40(3):931-939, feb 1993.

M. Reading, D. Elliott, and V. L. Hill. A new approach to the calorimetric
investigation of physical and chemical transitions. J. Therm. Anal., 40(3):949—
955, feb 1993.

Mike Reading. Modulated Differential Scanning Calorimetry - A New Way For-
ward in Materials Characterization. Trends Polym. Sci., 1(8):248 — 253, 1993.

B Wunderlich. Study of the change in specific heat of monomeric and polymeric

glasses during the glass transition. J. Phys. Chem., 64:1052-1056, 1960.

Nishio Hirai and Henry Eyring. Bulk Viscosity of Liquids. J. Appl. Phys.,
29(5):810, jun 1958.

Nishio Hirai and Henry Eyring. Bulk viscosity of polymeric systems. J. Polym.
Sci., 37(131):51-70, may 1959.

Bernhard Wunderlich. Thermal Analysis of Polymeric Materials. Springer, New
York, 2005.

Zhiyong Wu, Albrecht Petzold, Thomas Henze, Thomas Thurn-Albrecht, Ruth H.
Lohwasser, Michael Sommer, and Mukundan Thelakkat. Temperature and Molec-
ular Weight Dependent Hierarchical Equilibrium Structures in Semiconducting

Poly(3-hexylthiophene). Macromolecules, 43(10):4646-4653, may 2010.

63



[39]

[40]

[41]

[42]

[43]

[44]

[45]

|46]

[47]

Yuan Yuan, Jianming Zhang, Jiagian Sun, Jian Hu, Tongping Zhang, and Yongxin
Duan. Polymorphism and Structural Transition around 54 C in Regioregular
Poly(3-hexylthiophene) with High Crystallinity As Revealed by Infrared Spec-
troscopy. Macromolecules, 44(23):9341-9350, dec 2011.

Jonathon Kiel, Aaron Eberle, and Michael Mackay. Nanoparticle Agglomeration
in Polymer-Based Solar Cells. Phys. Rev. Lett., 105(16):1-4, oct 2010.

Hao Shen, Wenluan Zhang, and Michael E. Mackay. Dual length morphological
model for bulk-heterojunction, polymer-based solar cells. J. Polym. Sci. Part B
Polym. Phys., 52(5):387-396, mar 2014.

Joseph L. Keddie, Richard A. L. Jones, and Rachel A. Cory. Interface and surface
effects on the glass-transition temperature in thin polymer films. Faraday Discuss.,

98(0):219, 1994.

W. E. Wallace, J. H. van Zanten, and W. L. Wu. Influence of an impenetrable
interface on a polymer glass-transition temperature. Phys. Rev. E, 52(4):R3329-
R3332, oct 1995.

John H. van Zanten, William E. Wallace, and Wen-li Wu. Effect of strongly
favorable substrate interactions on the thermal properties of ultrathin polymer

films. Phys. Rev. E, 53(3):R2053-R2056, mar 1996.

J. A Torres, P. F. Nealey, and J. J. de Pablo. Molecular Simulation of Ultrathin
Polymeric Films near the Glass Transition. Phys. Rev. Lett., 85(15):3221-3224,
oct 2000.

David S. Fryer, Paul F. Nealey, and Juan J. de Pablo. Scaling of T[sub g| and
reaction rate with film thickness in photoresist: A thermal probe study. J. Vac.

Sci. Technol. B Microelectron. Nanom. Struct., 18(6):3376, 2000.

Christopher L. Soles, Eric K. Lin, Joseph L. Lenhart, Ronald L. Jones, Wen-li
Wu, Dario L. Goldfarb, and Marie Angelopoulos. Thin film confinement effects

64



48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

on the thermal properties of model photoresist polymers. J. Vac. Sci. Technol. B
Microelectron. Nanom. Struct., 19(6):2690, 2001.

Charles D. Wood, Lawrence Chen, Craig Burkhart, Karl W. Putz, John M. Torkel-
son, and L. Catherine Brinson. Measuring interphase stiffening effects in styrene-

based polymeric thin films. Polymer, 75:161-167, sep 2015.

Shadid Askar, Christopher M. Evans, and John M. Torkelson. Residual stress
relaxation and stiffness in spin-coated polymer films: Characterization by ellip-

sometry and fluorescence. Polymer, 76:113-122, oct 2015.

Manabu Inutsuka, Ayanobu Horinouchi, and Keiji Tanaka. Aggregation States
of Polymers at Hydrophobic and Hydrophilic Solid Interfaces. ACS Macro Lett.,
4(10):1174-1178, oct 2015.

David M. Huang, Scott A. Mauger, Stephan Friedrich, Simon J. George, Daniela
Dumitriu-LaGrange, Sook Yoon, and Adam J. Moulé. The Consequences of Inter-
face Mixing on Organic Photovoltaic Device Characteristics. Adv. Funct. Mater.,

21(9):1657-1665, may 2011.

Kevin F. Mansfield and Doros N. Theodorou. Molecular dynamics simulation of

a glassy polymer surface. Macromolecules, 24(23):6283-6294, nov 1991.

G Reiter. Mobility of Polymers in Films Thinner than Their Unperturbed Size.
FEurophys. Lett., 23(8):579-584, sep 1993.

J. L Keddie, R. A. L Jones, and R. A Cory. Size-Dependent Depression of the
Glass Transition Temperature in Polymer Films. Europhys. Lett., 27(1):59-64, jul
1994.

B. Frank, A. P. Gast, T. P. Russell, H. R. Brown, and C. Hawker. Polymer
Mobility in Thin Films. Macromolecules, 29(20):6531-6534, jan 1996.

65



[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

James A. Forrest and Johan Mattsson. Reductions of the glass transition tem-

perature in thin polymer films: Probing the length scale of cooperative dynamics.

Phys. Rev. E, 61(1):R53-R56, jan 2000.

David S. Fryer, Paul F. Nealey, and Juan J. de Pablo. Thermal Probe Mea-
surements of the Glass Transition Temperature for Ultrathin Polymer Films as a

Function of Thickness. Macromolecules, 33(17):6439-6447, aug 2000.

J. Mattsson, J. A. Forrest, and L. Borjesson. Quantifying glass transition behavior

in ultrathin free-standing polymer films. Phys. Rev. FE, 62(4):5187-5200, oct 2000.

Xiaobo Shen, Weiguo Hu, and Thomas P. Russell. Measuring the Degree of Crys-
tallinity in Semicrystalline Regioregular Poly(3-hexylthiophene). Macromolecules,
49(12):4501-4509, jun 2016.

B. Morése-Séguéla, M. St-Jacques, J. M. Renaud, and J. Prod’homme. Microphase
Separation in Low Molecular Weight Styrene-Isoprene Diblock Copolymers Stud-
ied by DSC and 13 C NMR. Macromolecules, 13(1):100-106, jan 1980.

Holger Schénherr and Curtis W. Frank. Ultrathin Films of Poly(ethylene ox-
ides) on Oxidized Silicon. 1. Spectroscopic Characterization of Film Structure and

Crystallization Kinetics. Macromolecules, 36(4):1188-1198, feb 2003.

Holger Schonherr and Curtis W. Frank. Ultrathin Films of Poly(ethylene oxides)
on Oxidized Silicon. 2. In Situ Study of Crystallization and Melting by Hot Stage
AFM. Macromolecules, 36(4):1199-1208, feb 2003.

Hirofumi Tsuruta, Yoshihisa Fujii, Naoki Kai, Hiroshi Kataoka, Takashi Ishizone,
Masao Doi, Hiroshi Morita, and Keiji Tanaka. Local Conformation and Relax-
ation of Polystyrene at Substrate Interface. Macromolecules, 45(11):4643-4649,
jun 2012.

66



Chapter 4

REFINING THE DESCRIPTION OF THE POLYMER:FULLERENE
BULK HETEROJUNCTION

4.1 Introduction

In the last two chapters, the enthalpy of fusion for regioregular P3HT (rrP3HT)
was found and applied to bulk and thin film morphologies to evaluate the polymer’s
crystallinity under those conditions. The discussion in this chapter goes one step further
to calculate rrP3HT crystallinity in a thin film blended with phenyl-Cg;-butyric acid
methyl ester (PCBM) in a morphology known as a bulk heterojunction (BHJ).

BHJs have been studied in the past by using scattering techniques.[1-4] These
methods typically take advantage of the contrast created between P3HT and PCBM,
especially when PCBM is phase separated. Thus quantitative knowledge of the extent
of PCBM phase separation and it’s relative distribution in the BHJ is easily available.
However, the lack of contrast within individual phases of the BHJ, whether pure or
mixed, is the Achilles heel of these techniques.|1] Diffraction, both X-ray and electron,
has been able to identify changes in P3HT crystallinity and some BHJ models have been
proposed from this information.[5-7] Unfortunately, the results of these measurements
still remain qualitative in nature.

Calorimetric studies have shown promise in this field. Differential scanning
calorimetry has enabled the acquisition of information about the melting behavior, glass
transition (T,) and crystallization events of pure components and BHJ mixtures.[8, 9|
By investigating a range of PCBM concentrations in various donor polymers, phase
diagrams have been constructed that can describe the BHJ morphology under different
conditions.[10-14] The eutectic point on these diagrams, for example, has been shown

to be related to the optimal PCBM concentration for best solar device performance.|[11]
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A limiting factor of calorimetric analysis is the lack of information about the enthalpy
of fusion (AHZ°) of the pure materials which would allow for a fully quantitative study.
For that reason, identifying AH;® for PSHT was imperative.

Conclusions from calorimetry also come from bulk measurements, where as-
sumptions about equilibrium mixing can be made. Applications of BHJs in solar cells
typically require films on the order of 100 — 200 nm thick, in which non-equilibrium
structures may be present and must be understood. A quantitative analysis of 1:1
P3HT:PCBM BHJ thin films is discussed in this chapter, thereby refining what is

currently known about polymer:fullerne BHJ morphology.

4.2 Experimental

BHJs were made by mixing 1:1 ratio of P3HT (Luminescence Technologies Corp)
and PCBM (Nano-C) in chlorobenzene (Acros Organics) to make a total solution con-
centration of 30 mg/mL. The solution was first stirred at 40 °C for a few hours to
facilitate the dissolution of larger aggregates. Then the heat was turned off and the
solution left to stir overnight.

Borosilicate glass substrates measuring 4" dia. x !/g" thick, were used in this
work, compared to 1" squares used for device fabrication, to increase the total film
mass for TMDSC experiments. The substrates were thoroughly cleaned using soapy
water, deionized water, acetone and isopropyl alcohol. Finally they were treated with
UV ozone for at least 30 minutes. PEDOT:PSS dispersion (Clevios Al 4083) was then
spun onto the cleaned substrates at 3000 rpm and dried in an oven at 130 °C for 15
minutes. Finally the P3HT:PCBM solution was deposited and spun at 600 rpm for 1
minute in a Ny glovebox to create the BHJ film. Final thicknesses were 40 nm and
190 nm for PEDOT:PSS and BHJ respectively, measured by X-ray reflectivity (Rigaku
Ultima IV, CuKa, A= 0.154 nm).

Retrieving the films for experimentation involved immersing them in deinonized
water, which dissolved the underlying PEDOT:PSS, releasing them from the substrate.

Films were collected from the water’s surface and vacuum dried at room temperature
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for 2 days after which they were placed into aluminum DSC pans for testing (two films
per sample pan amounting to ~ 4 mg). Any reference to annealing refers to a heat
treatment at 140 °C for 20 minutes unless stated otherwise. Annealing of the BHJ films
were performed under two different conditions; on a hotplate in a Ny glovebox while
still on the substrate or in the DSC after being removed from the substrate (see next
section).

For comparison to the more traditional DSC sample preparation method, drop
cast samples were also made by depositing some of the BHJ solution onto a cleaned
glass slide. This was done in a Ny glovebox where it was left to dry for 24 hours. The
films were then scratched off of the slide to make a DSC sample.

TMDSC experiments were done with a TA Instruments Discovery DSC in heat-
only mode to ensure accurate crystallinity measurements (see full TMDSC explanation
in Chapter 3.2 and calibration procedure in Chapter 1.2). The parameters are 3 °C/min,
30 seconds and + 0.239 °C for the heating rate, oscillation period and amplitude re-

spectively.

4.3 Results and Discussion
4.3.1 Chemical Reaction at the PEDOT:PSS Interface

To properly characterize the BHJ films in the annealed state, it must be shown
that the PEDOT:PSS layer was completely removed. Huang et al.[15] showed that
with annealing, P3HT mixes and reacts with the PSS enriched surface of PEDOT:PSS
to form an insoluble interfacial layer while Guralnick et al.[16] showed that it may be
possible for PCBM to diffuse across that interface as well. Despite some unanswered
questions in both reports, this undertaking could be hampered by these processes due
to mass fraction changes in the films. Thus preliminary experiments were performed
to investigate the potential effect of these processes on TMDSC results. Xu et al.
was able to identify "residue" of PEDOT:PSS on BHJ films by X-ray photoelectron

spectroscopy (XPS) and a similar study is carried out here.[17]
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Figure 4.1: S(2p) XPS spectra of PEDOT:PSS (bottom), as cast (middle) and an-
nealed (top) BHJ films. The BHJ film spectra are of the backside of the
film that was in contact with the PEDOT:PSS sub-layer. Dashed lines
linearly connect the data at either end of the observed peaks and are
guides to the eye.

Figure 4.1 shows XPS spectra in the S(2p) region of three samples. A PE-
DOT:PSS thin film was examined as a control which is clearly dominated by the
binding energy peak at 168 eV corresponding to the sulfur atoms in PSS. The minor
peak at 164 €V is due to the sulfur atoms in PEDOT which would be chemically iden-
tical to the sulfur atoms in P3HT. The significantly larger PSS signal is indicative of
the PSS enriched surface of the PEDOT:PSS film and can be used as an identifier
for PEDOT:PSS diffusion.[18] Two BHJ films, as cast and annealed, were made (see
Experimental Section) and inverted onto bare silicon substrates so that the interface
that was in contact with PEDOT:PSS could be analyzed. It is clear the annealed film

contains residue of insoluble PSS likely from the interfacial chemical reaction as the
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literature suggests.[15] Also note the decrease in intensity of the overlapping peaks at
164 and 165 eV likely signifies an increase in PCBM concentration at that interface.[17]

As a secondary confirmation, a DSC experiment was performed on PEDOT:PSS
(see Figure 4.2a) at 10°C/min and the first heat displays a large endotherm ascribed to
the evaporation of water from the material due to the hygroscopic nature of PSS.[19]
TMDSC of BHJ films annealed on PEDOT:PSS (Figure 4.2b) unfortunately shows the
same behavior in a similar region and even some PEDOT:PSS degradation above 250
°C (downturn in heat flow baseline).[19] Consequently, an alternative annealing method
whereby the BHJ films are removed in the as cast state, dried, annealed in the DSC
at the same temperature and time, then quenched to the starting temperature prior to
testing is employed here and shown in Figure 4.2b. Since the films are annealed after
removal from the substrate, no trace of PEDOT:PSS is present and the heat flow shows
similar, if not more refined, transitions. Thus a full quantitative analysis of annealed

BHJ films can be accomplished with this method.
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Figure 4.2: (a) 1°" heat DSC of PEDOT:PSS showing the release of water on heating.
(b) TMDSC total heat flow of BHJ samples annealed on a PEDOT:PSS
coated substrate (showing evidence of PSS residue) and in the DSC. Data
in (b) shifted vertically for clarity.
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4.3.2 TMDSC and Crystallinity Analysis

Figure 4.3 shows the results of TMDSC experiments for the examined spun
cast and drop cast samples. Only first heat data is examined since it contains all of
the processing history of the sample which is the main focus of this research. Also,
Leman et al. has recently warned against thermal cycling of Cgy derivatives, like
PCBM, as "thermally induced oligomerization" may occur.[20] The glass transitions
(Tys) in Figure 4.3 have all been properly separated from the overlapping signals and
all crystallization events appear in the non-reversing heat flow, as well as the majority
of the melting transition. Melting transitions (especially of polymers) are typically
dependent on oscillation period and amplitude[21]| and its separation into reversing
and non-reversing components seen here is a result of the parameters described in the
Experimental Section. There is also the observation of reversible melting in many
systems|22], including P3HT.|23]

From Figure 4.3, differences among the films are obvious. The spun:as cast
films show two distinct crystallization exotherms at ~ 60 °C and ~ 165 °C while the
others show only the higher temperature exotherm. Despite this, all samples exhibit
two melting transitions at ~ 200 °C and ~ 250 °C. Spun:as cast and drop cast samples
show polymer relaxation at their resepective Tys which might be the result of polymer
confinement at the substrate surface, but the spun:annealed samples would have had
time to relax those chains during annealing and thus shows no sign of it. Though it
may be simple to assign the lower temperature exotherm and endotherm to rrP3HT
crystallization and melting respecitvely, an independent confirmation is worthwhile.

To achieve this, an X-ray analysis was performed on a spun coat BHJ film as
a function of annealing temperature and is given in Figure 4.4. The film was pre-
pared in a similar manner to those employed in TMDSC measurements but was left
on the PEDOT:PSS coated substrate and annealed on a hotplate in a Ny glovebox for
5 minutes at the temperatures shown in Figure 4.4. The growth of the (100) reflection
of rrP3HT was used to monitor its crystallization with increasing annealing tempera-

tures. TrP3HT crystallinity generally increases from the as cast film, which shows low
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crystallinity, up to 140 °C proving that the low temperature exotherm in the spun:as
cast BHJ is indeed the cold crystallization of P3HT. Of note is the decreased intensity
when annealed at 175 °C which seems to signify crystal melting. Indeed the reversing
heat flow of both spun coat films show a melting onset at ~ 150 °C which could be

attributed to the melting of smaller crystallites that are formed during the experiment.
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Figure 4.4: Grazing incidence X-ray diffraction of a BHJ film showing the (100)
reflection of P3HT with different annealing temperatures. The same film

was annealed for 5 minutes at each temperature. Angle of incidence was
fixed at 0.4° (Rigaku Ultima IV).

It follows that the exotherm at ~ 165 °C is the formation of PCBM crystallites
which then melt at ~ 250 °C. This makes sense since the T, of PCBM is 130 °C[12, see
App. A] and it has recently been shown that PCBM is capable of crystallizing below
its T,.|25] Optical microscopy assisted in the confirmation of PCBM crystallization as
micrometer sized crystallites were seen in the BHJ after annealing at 175 °C for 10

minutes (see Figure 4.5). PCBM crystallites were neither observed before annealing
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nor after annealing at 140 °C for 20 mins; the method applied to BHJ films to give the

data in Figure 4.3b.

Figure 4.5: Optical microscopy images of BHJ films. a) As cast, b) annealed at 140
°C for 20 minutes and ¢) annealed at 175 °C for 10 minutes. Images taken
with a Nikon Eclipse LV100 microscope equipped with a Nikon DS-Ril
camera attachment.

With the correct assignment of the crystallization peaks and knowledge of the
melting temperatures of P3HT and PCBM, crystallinity calculations can proceed. Im-
portantly, it was noticed that the areas under the PCBM exotherm at 165 °C and the
PCBM melting endotherm (~ 250 °C) were equal in magnitude for spun:as cast and
annealed samples. This offers further evidence that PCBM remains amorphous after
heat treatment of the BHJ. However, the drop cast film did sometimes show some
excess PCBM melting energy (~ 3 J/g) which indicates a different morphology in the
drop cast film. These samples however, were still treated as containing fully amor-
phous PCBM and the results are reported for comparative purposes only. The results
of calculated P3HT crystallinity and measurements of the T, and step change in heat
capacity at T, (AC,) are given in Table 4.1.

Surprisingly, the spun:as cast sample has an average crystallinity close to zero.
Also the measurement error (which is purely based on sample-to-sample variation) is
larger than the average, which delineates that rrP3HT is completely amorphous in the
BHJ thin film: a direct result of processing (i.e. spin coating). This is despite it show-
ing a (albeit very weak) diffraction pattern in Figure 4.4. We suspect the diffraction
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may be from an average random chain packing in the film. The amorphous poly-
mer structure in the spun:as cast BHJ film is responsible for the poor performance of
photovoltaic devices made in this manner due to the difference in charge mobility of
amorphous versus semi-crystalline P3HT. Also noticeable in Table 4.1 is large differ-
ence in crystallinity between spun cast and drop cast samples. This again shows the
difference in morphology and the large error in calculated crystallinity might imply
the presence of PCBM crystallites formed during solvent evaporation as was indicated
earlier.

Another important result from Table 4.1 is that the spun cast BHJ films show an
increase in rrP3HT crystallinity to ~ 30% when annealed. In Figure 4.3, it is clear that
the peak previously assigned to rrP3HT crystallization has disappeared which means
that the annealing step gave the polymer enough time to form and develop crystallites
and there is no residual crystallization during the test. Thus, under the conditions
of this experiment, 30% is possibly the highest crystallinity that rrP3HT can attain.
Other experiments performed in the group have also given similar results employing
2-ethylnapthalene as a common solvent and a rapid precipitation method.[26] Further-
more, a computational model of the BHJ was generated from neutron reflectivity (NR)
and small angle neutron scattering (SANS) data obtained by Kiel et al.[1, 27| and the
results reported a best fit correlating to 30% crystalline P3HT.|28] These reports all
highlight a critical rrP3HT crystallinity of ~ 30% for a 1:1 PSHT:PCBM BHJ.

4.3.3 T, and the Amorphous Fraction

While the above crystallinity calculations represent a major outcome of this
study, it is a noticeably small fraction of the total mass of the BHJ. The amorphous
content should also be analyzed to provide a complete view of the BHJ morphology
determined with TMDSC. This is can be accomplished by first measuring the T, and
AC, of the spun cast films as is displayed in Table 4.1. Recall though the presence of a
rigid amorphous fraction (RAF) in pure rrP3HT which exhibits its own transition.|29,

see Chap. 3| Hence a closer look is required as is shown in Figure 4.6.

7



b)

Q
~
-
o

|
|
-
(=]

|
|

-
(=2}
-
o

>
rv [JIg°C]
E-N

¢, [J/g°C]

—
[
Cp
—
[

-
o

=)
Reversing Specific Heat Capacity

Reversing Specific Heat Capacity

C) 14 T T T T T T T T T | d) 8T T T T T T T T LI |
o 12 n"ll 7 "o 6 . 5 i —
e ' - . i :*: I
Nﬁ- 10 — ,"| — N'§| ”1 I,! 1 . |“|::&|HF§| |
[&] ! hl 8} T I“l# H ;‘.: W o
> 8k l,' ] _ > .| ;,}H'ﬁ:”'."ﬁ' i |'.!,| i E'.'t :Iv, :
3 § S Apinat oy g 1 W S
= sl ) _ el LA hj‘.%".::i by
[, Y . R T T
o AafHhhn bt . gl gl T
g Tlnmasitaint G g, 3 g 2 Ve
©[WEEWATYYTY R ik Ml © " i
2= WL T b
Yoy
0 =1 | 1 | 1 | 1 !I‘ - 0 =1 | 1 | 1 | 1 | -
-40 0 40 80 120 -40 0 40 80 120
Temperature [°C] Temperature [°C]

Figure 4.6: Reversing specific heat capacity (a,b) and the corresponding derivatives
(c,d) of Spun:as cast (left column) and Spun:annealed (right column)
BHJ films showing the T, region.

The T, region has clearly been shifted to higher temperatures for both samples
which tells that the T, observed is due to a mixture of rrP3HT and PCBM. The
spun:as cast films show a single T, characteristic of a fully amorphous material while
the annealed films show two transitions separated at 0 °C. The transitions are identified
by the minimum in the derivative curve in Figure 4.6d and the transition below 0 °C
was previously alluded to as a possible characteristic of semicrystalline rrP3HT,[29,
see Chap. 3| confirmed by the above crystallinity calculations. For the spun:as cast

BHJ films, its T, region resembles that of a partially miscible blend with a symmetric,
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singular and relatively narrow transition (AT =~ 60 °C).[30, see Fig.4.6¢| The T, region
of the spun:annealed BHJ film shown in Figures 4.6b and d displays a very broad
transition as compared to the as cast material (AT =~ 100 °C). This could define
a system with much less miscibility (i.e. more demixing);[30] but it also could be
the blending of the MAF of the BHJ with the devitrification of the rrP3HT RAF.
Unfortunately, no signal from the RAF of rrP3HT can be discerned so neither can be
disproved at this stage.

To begin the quantitative analysis of the amorphous phases in the the BHJ thin
films, the measured Tzs were compared to the expected values based on the equation

developed by Couchman:|31]

Wesur AC, psar Ty psuar + WpepmuACy pepv Ty popm

InT, = (4.1)

Wesur AC, psar + WpemACy popm

Tg,P3HT = 15°C (288K), ACp,P:SHT =0.32 J/gOC [29]

T, popm = 130°C (403K), AC, pcpm = 0.11 J/¢°C [see Appendiz A|

W is the mass fraction of the respective component noted in the subscript. Note also
that Wpsgr + Wpegy = 1 meaning that the mass fractions are normalized to the part
of the sample exhibiting the T,, which (especially in this case) may not be the entire
sample. Equation 4.1 is preferred to the simpler Fox equation since the requirement

T,

0.3 ACy pspr ~ Ty popmAC, popum is not satisfied.[31, 32| Expected values of the

BHJ T, are calculated by assuming the total amorphous fraction (i.e. everything that
is not crystalline) contributes to the resulting T, and are displayed as hollow squares
in Figure 4.7. Equation 4.1 was also used to calculate the actual Wpepys according
to the measured BHJ T,. Those results are displayed as filled squares in Figure 4.7.
It is evident that the expected values overestimate reality, even in the drop cast films.
Since PCBM has the higher T,, Equation 4.1 is overestimating the Wpcpy present in
the mixed phase responsible for the observed T,. This suggests some of the PCBM is
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Figure 4.7: Graph of glass transition (T,) vs. PCBM mass fraction (Wpcpar). Shown
are the T,s of the measured samples (filled squares) mapped onto the
theoretical trendline and calculated values (open squares) based on the
total amorphous fraction in the respective samples. Trendline is from
Eq. 4.1 and the filled symbols were used in Table 4.2.

confined and therefore does not participate in the T,; lowering it from the predicted
value.

Figure 4.7 however shows that the mixed phase contains 45% and 49% PCBM
in the spun:as cast and annealed BHJs respectively. It is expected that this PCBM is
mixed with the mobile amorphous fraction (MAF) of rrP3HT — assuming that a rrP3HT
RAF exists and does not mix with PCBM — and that the remainder is agglomerated.

Thus far, TMDSC analysis has lead to the quantification of rrP3HT crystalline
fraction and the mass fraction of PCBM mixed into rrP3HT MAF. Two other material
fractions need to be accounted for; the RAF of rrP3HT and agglomerated PCBM. If
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a RAF exists for the polymer, then more information is needed in order to quantify
it; namely the agglomerated PCBM fraction. The following section describes how

scattering provides the final piece of the puzzle.

4.3.4 Combination of SANS and MDSC for RAF Calculation

It is well known that SANS experiments on BHJs employ two phase models for
data fitting because of the lack of contrast between crystalline and amorphous rrP3HT
phases as described in the introduction to this chapter. Thus only PCBM aggregates
within a "mixed" phase can be distinguished. On the other hand, TMDSC has just
proven capable of identifying crystalline P3HT and a "mixed" phase of amorphous
rrP3HT and PCBM, with some indication of PCBM agglomerates. Hence it is proposed
that by combining the strengths of these characterization methods, the identification
of all polymer and nanoparticle phases (and quantities thereof) may be possible. This
tag-team approach will shed light on the ambiguous "mixed" phase present in both

analyses.
To perform the calculations we assume the following four phases (or fractions)
are present in the rrP3HT:PCBM BHJ:

1. Crystalline rrP3HT fraction (Wpys) measured by TMDSC (see Table 4.1).

2. PCBM agglomerate fraction (¢pgp,,) measured by SANS. Data is taken from
the Ph.D. thesis of Hao Shen.[3]

3. A mixed fraction comprising rrP3HT MAF (W) and PCBM (Wpal,,) of
which Wl is calculated from BHJ T, data and Equation 4.1.

4. RAF of rrP3HT (Wpal,) which does not contain any PCBM.

where W and ¢ are the mass and volume fractions of the materials in the subscript

respectively. The superscript specifies phase. Conservation of mass requires:

Mpsr = Mkt + Mehs + Mz (4.30)
Mpopym = MJ(%]BM + MzgncaéM (4.3b)
and ... Mpsgr = Mpopy (initial condition) (4.3¢)
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where M is mass in grams. Equations 4.3a and 4.3b would be identical in terms of
¢ as well. Equation 4.3c is due to the concentration of rrP3HT and PCBM in the
solution used to make the films. Also for this mathematical treatment the densities of
rtP3HT (ppspr) and PCBM (ppcpar) were 1.15 g/cm? and 1.3 g/cm?; respectively, in
accordance with the SANS datal3| and are used for conversions to and from ¢ given

by (for example):

agg
MPCB]M /PPCBAI (44)

MpceBm MpsaT
/pPCBM + /pP3HT

Changes in pp3gr or ppcpy do not affect the trends and comparisons derived from the

agg —
¢PCB]\4 -

outcome of these calculations.

A summary of the results is given in Table 4.2 and some intriguing observations
can be made. At first glance, the measured T s for the BHJ films suggest an increase
in PCBM content in the MAF when the films are thermally annealed (see Fig. 4.7).
Table 4.2 suggests that it is the dramatic decrease in rrP3HT concentration due to
crystallization that shifts the T to a higher temperature. Actually, the AC), measure-
ments of the blended films shown in Table 4.1 agree with this conclusion (i.e. higher
AC, means higher rrP3HT concentration), implying that AC), may be a more sensitive
indicator of material mixing in this system.

Reported here for the first time are values of the RAF of rrP3HT in BHJ thin
films. The spun:as cast BHJ contains 30 vol.% RAF corresponding to 57 vol.% of
rrP3HT. This large RAF is likely a result of the kinetic trapping and centrifugal forces
of spin coating,|33] as well as the intermolecular interactions between rrP3HT and
PCBM. The RAF may also contain areas of weak, short range order|34] which could
explain why a weak diffraction signal was still detected (see Fig. 4.4). With thermal
annealing, rrP3HT crystallizes and the RAF decreases. Possibly, the RAF facilitated
rrP3HT crystallization by being free of PCBM molecules, offering phase pure sites for
nucleation. However, the spun:annealed BHJ still contains a substantial amount of
RAF (23 vol.%, 43 vol.% of rrP3HT) which means that the film fabrication process

likely has lasting effects on its properties. The spun:annealed film has approximately
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twice the RAF of pure rrP3HT films (see Chapter 3) which underscores the influence

of PCBM on the morphology of the polymer and the entire BHJ film by extension.

4.4 Conclusion

TMDSC has proven an essential tool in the characterization of rrP3HT:PCBM
BHJs. By preparing and testing thin films of the polymer:fullerene blend, the morphol-
ogy of rrP3HT can be quantified. It was discovered that as cast films do not contain
any crystalline regions which explains the poor device performance from these films.
Annealing causes rrP3HT to crystallize to 30% and it was postulated that this may
be the maximum crystallinity achievable under the experimental conditions defined
in this work. An improved, four phase model was introduced in this chapter to fully
capture the BHJ morphology. A combined analytical approach using both TMDSC
and SANS revealed that large polymer RAFs exist in both as cast and annealed thin
films that does not contain PCBM. The RAF is formed during spin coating and from
the intermolecular interactions with PCBM. It is also significantly larger than the RAF
found in pure rrP3HT thin films examined in the previous chapter. Hence BHJ charac-
terization using TMDSC and SANS enables quantification and tracking of changes in
all possible polymer and fullerene phases due to film fabrication and post processing.
Knowing the significant RAF present in BHJ thin films may spur investigations of its

role in the photovoltaic performance of polymer:fullerene solar devices.
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Chapter 5

INVESTIGATION OF INTERFACIAL PCBM DIFFUSION BY
NEUTRON REFLECTIVITY

5.1 Introduction

Neutron scattering techniques have proven vital to the polymer solar cell com-
munity. It has allowed researchers to peer into the vertical compositional profile of bulk
heterojunction (BHJ) thin films with sub-nm precision. Ever since the first papers on
neutron reflectivity (NR) of PBHT:PCBM BHJs were published though, there has been
discord in the results obtained.[1, 2| Kiel et al. employed phase sensitive NR and de-
scribed the BHJ as consisting of a mixed PSHT:PCBM phase in the center of the thin
film with high concentrations of PCBM at the substrate and air interfaces.[3] Parnell
et al. observed high PCBM concentrations at the substrate but depleted PCBM at the
air interface, of which some was recovered on annealing. 2]

In this chapter we revisit NR and address the issue of PCBM diffusion from a
different perspective. This study will now focus on its mixing with PEDOT:PSS to
obtain maximum possible concentrations that can exist in this layer. Bilayer structures
are the simplest way to observe diffusive phenomenon via NR since the materials are
initially separate and are then allowed to diffuse by thermal annealing procedures. Thus
it is used here to observe the mixing of individual BHJ materials with PEDOT:PSS
to understand the changes that occur at that interface. Due to the simplicity of the
study and the distinct differences in scattering length density of the materials used,

phase sensitive or polarized NR is unnecessary.
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5.2 Experimental

All samples were prepared on 3" diameter silicon substrates that were cleaved
from an ingot on the (111) face. The substrates were cleaned by rinsing with soapy
water, deionized water, acetone and isopropyl alcohol. They were finally prepared by
UV-ozone treatment for 30 minutes.

PEDOT:PSS (Clevios AL 4083) was spun coat on all samples at 3000 rpm then
annealed at 130 °C for 15 minutes to create 40 nm thick films. To create bilayers,
regioregular P3HT (Luminescence Technologies Corp) or PCBM (Nano-C) were spun
coat on top of the PEDOT:PSS layer from chlorobenzene solutions at 2500 rpm for 1
minute. The P3HT solution concentration was 15 mg/mI while the PCBM solution was
30 mg/mL. Initial thicknesses were 69 nm and 75 nm for P3HT and PCBM respectively.
These were used as initial inputs for fitting of reflectivity profiles. Thermal annealing
was performed at 140 °C for 20 minutes unless otherwise told. A vacuum oven with
a constant flow of nitrogen was used for annealing to prevent sample degradation and
to ensure all solvent is evaporated.[4] The same specimen was tested in "As Cast" and
"Annealed" states so direct comparisons can be made.

Neutron reflectivity was carried out on the Polarized Beam Reflectometer (PBR)
on the NG-D beamline at the National Institute for Standards and Technology (NIST)
Center for Neutron Research (NCNR). The 4.75 A monochromatic beam was used in
standard mode (unpolarized).

Reflectivity fitting was done using Refl1D software[5] that was uploaded onto
the University of Delaware’s Venus computing cluster. Multiple nodes were used si-
multaneously — depending on availability — to shorten overall computing time. A
DREAM]|6] fitting algorithm was used that involves a Markov Chain Monte Carlo un-
certainty analysis, as was previously applied to polarized neutron reflectivity of similar
systems.|7] Pure PEDOT:PSS and its bilayers with P3HT and PCBM were fitted by
assigning each layer to a slab defined by a thickness (z), neutron scattering length den-
sity (p) and interfacial roughness. Best fit profiles determined by the lowest x? error

are presented in this chapter.
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Interlayer mixing was calculated by measuring the volume fraction (¢) of the

diffusing component using the relation
p(2) = pi

¢ = 0 — (5.1)

where p is SLD and i and j represent the major (matrix) and minor (diffused) com-

ponents at a thickness (z) in the film. The intial p for the respective components are

given in Table 5.1 below. These values were allowed to float (within sensible limits)

during the fitting procedure. The p for the silicon substrate and natural oxide layer

were fixed at 2.07 and 3.49 x107% A2 respectively.

Table 5.1: Table of initial p for each examined component.

Bulk PEDOT:PSS | PSS-rich | P3HT | PCBM
p (x1075 A=) 1.8 1.6 0.7 3.6

5.3 Results and Discussion
5.3.1 PEDOT:PSS Layer Modeling

To begin this study it is essential to know the general morphology of a single
PEDQOT:PSS thin film. Hence an abbreviated NR profile was obtained and is shown in
Figure 5.1. Annealing of the pure PEDOT:PSS film was done to observe any changes
that may effect the investigation of bilayers that will be examined next.

The best fit for this profile corresponded to a two slab model of which the top
layer is thin and of a lower SLD than the rest of the film. The ratio of PEDOT to PSS in
this formula is 1:6 according to the supplier. Therefore, the excess PSS phase separates
and forms an almost pure layer on the surface of the film. PSS surface segregation
has been previously observed via photoelectron spectroscopy,|8—11] scanning-tunneling
microscopy|[12, 13| and reflectivity[14-16] experiments. In fact, much research has gone
into understanding[17-20| and modifying|[15, 21-24] the morphology of PEDOT:PSS

thin films to increase conductivity for electronic applications.

92



a) 10 | | = b)) 40F— , I =
P O As Cast 3.5 —— As Cast | _]
10 O Annealed|— —— Annealed
— Fit Lines 3.0 —
-2 —
> 10 7] «
£ < 25pt —
- o
§ 10 - = 20 -]
= 2
() a
; 1.5 -
14 104 ‘7’|
5 A 1.0 - -
10 7 0.5 -
10° I | | | > 0.0 b | | | |
0.01 0.02 0.03 0.04 0 100 200 300 400
Q (A'1) Thickness (A)

Figure 5.1: Reflectivity (a) and SLD (b) profiles of a pure PEDOT:PSS film before
and after annealing. Data in (a) were shifted vertically for clarity.

Interpretation of the literature places the natural PSS-rich layer thickness at 4
— 15 nm depending on initial PEDOT to PSS ratio and thermal treatment conditions,
although no clear trend for the latter is observed.[9, 11, 14-16] The data presented
here is in agreement with the literature and even displays a similar gradual transition
to the bulk PEDOT:PSS concentration as you go deeper into the film. Interestingly,
these observations were possible without deuterating PSS.[14, 15] In addition, there
is a 3.6% increase in the SLD as well as some film shrinkage of the annealed sample
compared to as cast. These changes can be attributed to atmospheric water uptake by
hydrophilic PSS during sample transport.[25, 26] This water was quickly eliminated on
annealing while the general film morphology remained unchanged. With this funda-
mental knowledge, an analysis of the diffusion of other materials into the PEDOT:PSS

layer can proceed.

5.3.2 P3HT/PEDOT:PSS bilayer
Figure 5.2 displays the reflectivity fit and SLD profile of a P3HT /PEDOT:PSS
bilayer sample. A three slab model was the best fit for this sample which implies
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that the bulk PEDOT:PSS, PSS-rich and pure P3HT layers can all be distinguished
in the profile. Since the SLD of P3HT is lower than that of PEDOT:PSS, diffusion on
annealing would therefore result in a reduction of the PEDOT:PSS SLD and perhaps

an alteration of the film morphology as well.

a) 1@/ T T T T T 4 b) — T T
S O As Cast
10 [ ] —— As Cast | -
Y O Annealed
107 — Fit Lines | Annealed |
> 10-3 o“; ]
'S -4 ©
§ 105 Is ]
= i i 5 X
;q:-, 10 6 Via AL WA\ oo o () -
10 o . d d o5 Do e ‘_n| .
1 0-7 _. £ . -
10-8 W l.l‘ ; ::,' / .“-..r":‘_"'_1-‘“;_1”;‘ . k
1w 1o 001 l l l l
0.04 0.08 0.12 0 200 400 600 800 1000
Q( A'1) Thickness (A)

Figure 5.2: Reflectivity (a) and SLD (b) profiles of a PEDOT:PSS/P3HT bilayer
before and after annealing. Data in (a) were shifted vertically for clarity.

However, something different occurred. Annealing has increased the SLD of
PEDOT:PSS by 2.4% and left the P3HT layer virtually unchanged. It is believed the
SLD increase was caused by the same process noted in the previous section, albeit
with reduced effect since P3HT is hydrophobic and will serve as a water barrier for
the PEDOT:PSS sub layer with possible exception of the film edges. Thus the wa-
ter desorption from PEDOT:PSS on annealing is the only noticeable change in this
experiment. This directly shows that the polymers are immiscible.

Huang et al.[27] showed that P3HT and the PSS-rich layer physically mix, then
undergo a red-ox reaction creating P3HT and PSS~ species during annealing. While
this work does not dispute the possibility of a chemical reaction, there are a few dif-
ferences between the two studies that must be mentioned. First, their study seems to

have only fitted the reflectivity data to a single slab model that, as illustrated in the
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previous section, is not sufficient to properly describe the PEDOT:PSS layer. Thus
physical mixing can not be directly proven from that analysis. It is shown here that
no discernible change in SLD or interfacial roughness occurred after annealing which
proves P3HT does not diffuse into the PSS-rich layer.

Second, the red-ox reaction seems to only play a role at annealing temperatures
of > 150 °C; so it should have minimal effect on this data. Even if the reaction occurred
in the sample shown in Figure 5.2, the former point suggests that it would only be at
monolayer distances from the interface and no further. Moreover, the products of the
red-ox reaction could attract each other (electrostatically) and remain at the interface,
potentially blocking any diffusion across the boundary: a scenario akin to interfacial

polymerization.

5.3.3 PCBM/PEDOT:PSS bilayer

Switching to the electron acceptor component of the bulk heterojunction, a
PCBM /PEDOT:PSS bilayer was examined and the results are displayed in Figure 5.3.
In contrast to P3HT, PCBM has a higher SLD than PEDOT:PSS since it contains
much less hydrogen atoms in its chemical structure. If PCBM were to diffuse into
PEDOT:PSS, an increase in PEDOT:PSS SLD should occur after annealing beyond
what was observed in the pure film.

The first direct observation from Figure 5.3b is the change in the PCBM top
layer with annealing. There is a reduction in SLD by 5% and a 10 A thinning of
the layer as well. It is worthwhile to mention that annealing was performed at a
temperature above the glass transition of PCBM (T, ~ 130 °C)[28] so crystallization
should occur and is an inevitable part of the annealed morphology, although it was not
directly measured here. There are two distinct differences in the PEDOT:PSS layer
before and after annealing with a PCBM overlayer. A 4.8% total increase in the SLD of
PEDOT:PSS is observed, which is larger than what was measured in the pure material
but similar in magnitude to the reduction in PCBM SLD. Importantly, the PSS-rich

layer seen in the two previous samples is absent in both as cast and annealed tests.
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Figure 5.3: Reflectivity (a) and SLD (b) profiles of a PEDOT:PSS/PCBM bilayer
before and after annealing. Data in (a) was shifted vertically for clarity.

In fact, a lower x? error was obtained by fitting both datasets to a two slab model as
opposed to three slabs used for PEDOT:PSS/P3HT. Based on these observations, two

possible scenarios might lead to this result:

1. There was no interlayer mixing and the changes are a result of individual processes
taking place in each layer. Also the fitting procedure could not accurately identify
the PSS-rich region.

2. PCBM has mixed with PEDOT:PSS, especially the PSS-rich layer, raising its
SLD and lowering the SL.D and thickness of the PCBM film.

The first point cannot be immediately dismissed since previous reports have
modeled PEDOT:PSS as a single layer despite knowledge of PSS segregation.|27, 29,
30] This speaks to the difficulty in identifying the PSS-rich layer, especially when
sandwiched between thicker bulk PEDOT:PSS and other polymer layers. Also, the
one-to-many mapping of standard reflectivity adds to the challenge of finding the right
profile. Furthermore, PCBM is known to contain solvent in its crystal phase|31] so it
holds that the amorphous phase traps solvent as well. Annealing will then promote
solvent diffusion causing film shrinkage and SLD reduction; if the solvent has a higher

SLD than PCBM. Using a liquid density of 1.1 g/cm?, the SLD for chlorobenzene is 1.8
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%1070 A~2 as given by the NIST scattering calculator.[32] This means that the first
scenario is false since evaporation of chlorobenzene from the film stack upon would
lead to an increase in PCBM SLD: the opposite of what is observed.

To the second point, PCBM mixing with PEDOT:PSS has been observed before
but the distinction between bulk PEDOT:PSS and the PSS-rich layer was not made.|7,
33] Therefore the results of this experiment may specify PCBM’s preference for mixing
with PSS. The outcome of the ¢pcpy calculation from Equation 5.1 in the PSS-rich
layer as well as the bulk PEDOT:PSS layer is presented in Table 5.2. The values 1.8
%1076 A=2 and 1.6 x107% A~2 were used for bulk PEDOT:PSS and PSS-rich layers
respectively based on the fitting result of PEDOT:PSS/P3HT bilayer (see explanation
in following section). These agree with SLD calculations from the NIST scattering
calculator using a material density of 1.1 g/cm?® for both layers.[18] The assumption
is made that the PSS-rich layer exists both before and after annealing, regardless of
PCBM diffusion and SLD only changes due to PCBM mixing. This is reasonable given

the results presented in the previous sections.

Table 5.2: Calculated ¢pcpy contained in PEDOT:PSS layer.

As Cast | Annealed
Bulk PEDOT:PSS | -1.1% 3.1%
PSS-rich 7.9% 11.7%

The negative result from the as cast bulk PEDOT:PSS phase suggests no PCBM
has mixed into that layer and the small change is within experimental error. Interest-
ingly, the PSS-rich layer has been clearly altered due to the diffusion of PCBM even in
the as cast state. This would agree with the findings of Guralnick et al.|7| and highlight
the preference for PCBM in the PSS-rich phase. In accordance with that study, it is

necessary to perform an uncertainty analysis to confirm the extent of this phenomenon.
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5.3.4 Analysis of Diffusion into PEDOT:PSS

The bar charts in Figures 5.4 and 5.5 compare the SLDs of bulk PEDOT:PSS
and PSS-rich layers measured from all three experiments discussed above (note the
difference in scale). SLDs for the PCBM/PEDOT:PSS bilayer are identical in both
graphs since only one slab was used to fit both layers as explained before. Figure 5.4
illustrates that the bulk PEDOT:PSS layer underwent minor changes during the ex-
periment but the calculated error does indicate that these changes may be real and the
difference between as cast and annealed films may just be due to water evaporation as
was suggested earlier. In general PCBM does not affect the morphology of the bulk
PEDOT:PSS layer.

In contrast to the bulk, the PSS-rich layer is more significantly affected by the
presence of PCBM as shown in Figure 5.5. First, the uncertainty in the PSS-rich layer
of the pure PEDOT:PSS thin film is quite large. It is even relatively large in the
P3HT/PEDOT:PSS bilayer film as compared to bulk PEDOT:PSS. We attribute this
to the fact that the PSS-rich layer is not well defined, rather it is a layer with increasing
PEDOT content (and therefore SLD) from the surface to bulk PEDOT:PSS.|11, 14, 15|
This concentration gradient makes it difficult to define the region as a slab, generating
larger errors in the process.

With regard to the pure PEDOT:PSS film, it is believed that the fit accuracy
also suffered from the narrow data range collected; making the PSS-rich region even
more challenging to decipher. Hence more accurate values of PEDOT:PSS SLD were
taken from the P3HT/PEDOT:PSS bilayer and used to produce Table 5.2 above.

Despite these inaccuracies, there is still a distinct difference between the PSS-
rich regions with PCBM versus the other films and between as cast and annealed films.
This comparison aids in the confirmation of PCBM diffusion into the PSS-rich surface
layer of PEDOT:PSS to a maximum of 12% calculated by Equation 5.1 after annealing.
Importantly, findings herein also suggest diffusion without thermal annealing, albeit to
a lesser extent. What mechanism would cause this to occur?

It is apparent that PCBM has some solubility in PSS, but not PEDOT, since
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Figure 5.4: Chart showing bulk PEDOT:PSS SLD in the pure and bilayer samples.
Error bars represent 95% confidence interval calculated during the fitting
procedure.

it did not diffuse into the region with the highest PEDOT content (i.e. the bulk
PEDOT:PSS layer). In the as cast state however, PCBM is well below its T, and
reported Tys for PSS reach as high as 160 °C.[34] The only way for PCBM to diffuse
in that case would be if PSS was swollen by chlorobenzene used to deposit the PCBM
film. Consequently, a swelling experiment was done by placing a PEDOT:PSS thin
film (coated on a Si wafer) in a bell jar, saturated with chlorobenzene vapor. After
3 hours the film had only swollen ~ 5% which is inconclusive since the bell jar still

contained water vapor which could have also been responsible for the swelling. Thus
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Figure 5.5: Chart showing SLD of the PSS-rich surface layer in pure and bilayer
samples. Error bars represent 95% confidence interval calculated during
the fitting procedure.

the mechanism by which PCBM diffuses into the PSS-rich layer at room temperature

remains ambiguous.

5.4 Conclusion

Neutron reflectivity has again proven essential in the study of polymer solar
cell research by allowing a systematic study of diffusion into the electron blocking
layer material, PEDOT:PSS, by P3HT and PCBM. In terms of the pure PEDOT:PSS,
our findings suggest that a two slab model (or possibly a spline fit) should always
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be attempted to show the presence, or absence, of a PSS-rich top surface. It was
shown that P3HT is in fact immiscible in PEDOT:PSS at annealing temperatures
up to 140 °C but the red-ox reaction mentioned in the literature still occurs, most
likely at monolayer distances from the interface, undetectable in this study. It has
been confirmed however that PCBM mixes with the PSS-rich layer that forms on top
of PEDOT:PSS. PCBM is therefore likely miscible in PSS but not in PEDOT. This
is an interesting finding since this, like the P3HT /PSS chemical reaction, may have
implications related to conventional versus inverted solar device architectures.|16] The
cause for PCBM diffusion at room temperature remains unclear and further study
inrequired to understand this. Simple thermal diffusion studies as was performed here
can offer profound insight into the processes occuring in polymer BHJs and multilayer

stacks during fabrication.
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Chapter 6

THESIS CONCLUSION AND FUTURE WORK

6.1 Conclusion of Thesis

The discussion in this thesis was focused on developing differential scanning
calorimetry (DSC) techniques for the characterization of the polymer component in
polymer bulk heterojunction (BHJ) films for solar cell applications. The benchmark
BHJ consisting of electron donating regioregular poly(3-hexylthiophene) (rrP3HT) and
electron accepting phenyl-Cg;-butyric acid methyl ester (PCBM) was investigated. To
perform quantitative thermal analysis on (rrP3HT) some fundamental thermodynamic
properties must be found. Consequently, a series of oligomeric rrP3HT was investigated
using DSC. By plotting their melting enthalpies versus their inverse molecular weight,
a linear trend was found until the molecular weight reached ~ 10 kg/mol where the
chains crystallize in a chain-folded configuration. A correction factor obtained from
grazing incidence small angle X-ray scattering was applied to the data to account for
chain ends and poorly crystallized material. Extrapolation of the linear region to the
y-axis (i.e. to infinite molecular weight) then yielded an enthalpy of fusion (AHZ°)
of 42.9 J/g which was used throughout this work to evaluate rrP3HT crystallinity. A
similar linear extrapolation was done to find the equilibrium melting temperature (7.>°
= 285 °C) and the entropy of fusion (AS? = 12.6 J/mol-K).

After establishment of these reference points, quantitative analysis of rrP3HT
proceeded by first measuring its crystalline and amorphous fractions in both bulk and
thin film states. To do this, temperature modulated DSC (TMDSC) in heat-only mode
was used to boost the sensitivity of the instrument so that the glass transition (T) of

rrP3HT can be accurately examined without jeopardizing the accuracy of the melting
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enthalpy for crystallinity calculations. This method was used much throughout this
work. Working with regiorandom (100% amorphous) P3HT the T, (15 °C) and the
step change in heat capacity at T, (AC, = 0.32 J/g°C) were evaluated. In contrast
to the smooth singular transition of regiorandom P3HT, rrP3HT had a three step T,
corresponding to side chain dynamics in the crystal phase, a mobile amorphous fraction
(MAF) and a rigid amorphous fraction (RAF). Calculations of MAF and RAF were
therefore possible and rrP3HT was, for the first time, described in terms of a three
phase morphology.

TMDSC was then applied to BHJ thin films prepared by spin coating from 1:1
ratio solution of rrP3HT and PCBM. The thin films exhibit rich thermal behavior with
T,s of the blend, crystallization exotherms and melting endotherms of the individual
components all being visible. BHJ thin films in the as cast state were 100% amorphous,
according to the polymer crystallinity analysis, which greatly improved to 30% after
annealing at 140 °C for 20 minutes. Using the Couchman equation, it was discovered
that rest of the BHJ material was not adequately accounted for in the T, of the
blend spurring the use of a more intricate analytical method to account for the entire
mass of the BHJ film. A tag-team approach whereby data from both TMDSC and
small angle neutron scattering (SANS) was used to quantify all phases of the BHJ.
The analysis highlighted that the BHJ consists of four phases; crystalline rrP3HT,
aggregated PCBM, RAF of rrP3HT and MAF of the blend containing MAF of rrP3HT
with dissolved PCBM. This approach is a significant improvement of current BHJ
models since it is quantitative and more intricate with attention paid to both polymer
and fullerene phases.

The final chapter of the thesis was focused on the diffusion of the BHJ materials
into the electron-blocking PEDOT:PSS layer. This layer is typically deposited before
the BHJ and so understanding the mixing (or lack thereof) of the two layers is impor-
tant. As a result neutron reflectivity of bilayers with PEDOT:PSS as the sub layer were
examined. Also a pure PEDOT:PSS layer was tested and found to contain a PSS-rich

surface. rrP3HT was found to chemically react (as was found in previous research) but
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not mix with PEDOT:PSS. PCBM however diffused into PEDOT:PSS, having a large
preference for the PSS-rich surface layer where ~ 12% PCBM was found in that region
after annealing. Interestingly, 8% was found in the PSS-rich layer without annealing
suggesting that thermal post-treatment is not the sole reason for interlayer diffusion.

More study should therefore focus on the mixing relationship between PCBM and PSS.

6.2 Future Work
6.2.1 A New P3HT:PCBM Phase Diagram

The research in this thesis has demonstrated the effectiveness of TMDSC for the
characterization of polymer based BHJs. To further this study, it is imperative that a
revised PSHT:PCBM phase diagram be constructed using TMDSC data on thin films.
While the PBHT:PCBM phase diagram has already been published|1, 2], it was shown
in Chapter 4 that thin film fabrication and post-processing shifts the eutectic point
towards lower PCBM concentrations. Thus new information about the relationship
of PCBM concentration to the important thermal transitions in the BHJ needs to be
acquired since processing effects will directly influence the results. Also, the ability
to now calculate the rigid amorphous fraction of P3HT from the methods described
herein adds intricacy to the diagram that has been heretofore ignored. The outcome
will be a more effective optimization tool and a better predictive model for the real

BHJ thin film morphology.

6.2.2 Replacing PEDOT:PSS

Chapter 4 began by the realization that annealing the BHJ film on PEDOT:PSS
leaves a PSS residue on the film after removal. This is a major hindrance since an
alternative annealing method had to be developed so the BHJ annealed film could be
analyzed with accuracy. A solution to this would be to find a suitable replacement
for PEDOT:PSS. For the purpose of these experiments, the replacement does not have

to be electronically active, although alternative materials to that end do exist.|3, 4]
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Finding another sacrificial material will allow for investigations into environmental
effects on BHJ thin films|5] using the methods developed here.

The requirements for a PEDOT:PSS substitute are three-fold. First, it must not
have any chemical reaction nor be miscible in any of the BHJ materials. This ensures
that annealing can be performed in the typical manner (on a hotplate, for example)
without any unwanted outcomes, like those of Chapter 5, that will throw off the mass
balance in the BHJ or introduce impurities, like residual PSS chains. Second, it must
not be soluble in the solvent used to deposit the BHJ layer. This prevents physical
mixing of the layers during deposition. It follows that an orthogonal solvent would be
used to deposit this new material; similar to PEDOT:PSS. Finally, the replacement
material should be of similar surface energy to PEDOT:PSS (i.e. higher than that of
both P3HT and PCBM) to avoid differences in the vertical segregation of the BHJ
with annealing beyond what has been typically observed.|6, 7|

To this end, poly(N-vinyl pyrrolidone) (PVP, M,, ~ 360 kg/mol) was briefly
tested as a likely candidate. Being water soluble, PVP satisfies the solvent orthogonal-
ity requirement|8] and the literature shows that PVP also has an appropriately high
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Figure 6.1: DSC of pure PVP (a) and TMSDC total heat flow of regioregular P3HT
films that were annealed on two different sacrificial layers (b). Graphs
were shifted vertically for clarity.
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surface energy (53.6 mN/m for PVP[9] vs. 47.5 mN/m for PEDOT:PSS|[10]). Its mis-
cibility and chemical reactivity to P3HT and PCBM therefore warrants testing. Initial
tests with regioregular P3HT is displayed in Figure 6.1.

It is immediately observed from Figure 6.1a that, like PEDOT:PSS, PVP is
hygroscopic and the signal of water evaporation from the material in the first heat can
be used as an indicator of the presence of PVP residue (see Chap. 4). The second
heat shows a T, of 180 °C, which agrees with the reported value for this molecular
weight.|8] However, after annealing a pure, regioregular P3HT thin film on a PVP
coated substrate, there is no evidence that PVP has reacted or mixed with P3HT. As
a comparison, the same experiment was performed on a PEDOT:PSS coated substrate
and the water loss peak is obvious (see Figure 6.1b). These promising results favor
employing PVP as a more versatile sacrificial layer than PEDOT:PSS for the investiga-
tion of PSHT:PCBM BHJ thin films under a range of post-processing and degradation
conditions. Further experiments would explore the interaction of PVP with PCBM

and BHJ films respectively.

6.2.3 PCBM Thermal Properties

While PCBM is amorphous in the optimal morphology of P3BHT:PCBM BHJs,[11,
see Chap. 4| for other BHJ systems this may not be the case. Other electron donat-
ing polymers have different optimal BHJ compositions, many of which require PCBM
concentrations as high as 80%.[12-14] It has been shown that the PCBM may contain
nano-crystallites even though its diffraction pattern shows an apparent amorphous
structure.|15] In addition, PCBM has the ability to crystallize well below its T, of 130
°C|15, 16] making the existence of PCBM crystallites (or nano-crystallites) in other
BHJ systems a real possibility. Being able to quantify the amount present therefore
becomes an important aspect of BHJ characterization. Yet the enthalpy of fusion
(AH?) or any of the other fundamental properties of PCBM remain unknown. Un-
fortunately the techniques in this work (see Chap. 1) are not suitable for determining

this. However, large, solvent free, single crystals of PCBM have been grown[17, 18]
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and might be useful in finding these properties using a recently developed technique
in our group.|[19] Perhaps even the more traditional Hoffman-Weeks approach may be

applicable in this case.|20]

6.2.4 High Performance Donor Polymers

P3HT:PCBM is the most commonly investigated BHJ system, but it is not the
most efficient. Advances in the chemical synthesis of semiconducting polymers has seen
the improvement of polymer BHJ device efficiencies to over 10%.[21, 22| Essentially
all of these high performance materials are alternating copolymers of electron-rich and
electron-poor monomer units: so-called "push-pull" semiconducting polymers.|23, 24]
These present unique challenges to calorimetry since little thermodynamic informa-
tion exists for this class of polymers. As examples, PBTTT-C14 (a higher mobility
relative of P3HT)[25] and PBDTTT-C (a member of the benzodithiophene family of

copolymers)[26] were examined using DSC and are shown in Figure 6.2.
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Figure 6.2: DSC of bulk PBTTT-C14 (a) and PBDTTT-C (b). Dashed line in (a) is
drawn to define the broad backbone melting transition of PBTTT-C14.

For PBTTT-C14, two transitions can be identified that correspond to melting of
the C14 side chains and polymer backbone respectively.|25, 27| Crystallinity analysis

of this material will therefore need to address both components, either together or
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separately. Moreover, studies have shown that this polymer forms a bimolecular crystal
with PCBM which exhibits different melting behavior to the pure material.[14, 27, 28]
In the extreme case of PBDTTT-C, no transitions can be identified in the thermogram
which makes DSC analysis of the pure material — and potentially others of this class —
impossible.

Complications inevitably arise when moving away from P3HT to other semi-
conducting polymers. Nevertheless, the calorimetric methods described in this thesis
can still be used as a starting point for quantitative investigations of high performance
semiconducting polymers and their blends with PCBM. Obtaining information about
PCBM mixing and phase separation by T, shifts, bimolecular crystallization, PCBM
crystallization and melting phenomenon will be beneficial to the fundamental morpho-

logical understanding of this special class of polymers.
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Appendix A
TMDSC OF PCBM

Bulk PCBM (Nano-C) was first melted for 2 minutes at 300 °C in the DSC
before quenching to a starting temperature of -85 °C to obtain an amorphous sample.
TMDSC was then performed under heat-only conditions at 3 °C/min with an oscillation
period and amplitude of 30 seconds and 4+ 0.239 °C respectively. The result is shown

in Figure A.1.
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Figure A.1: TMDSC of pure PCBM. Shown are the total heat flow (a) and reversing
specific heat capacity (b) in the T, region.

Two crystallization and melting transitions are visible, preceded by a T, which
is clear in the reversing heat capacity in Figure A.1b. Measurements from Figure A.1b
yielded a PCBM T of 130 °C and AC,, of 0.11 J /g°C. While is has been speculated that
thermally activated oligomerization may affect this measurement, both values reported

here agree with the literature.|[1, 2|
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