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Abstract
The potential for inexpensive renewable energy relies heavily on organic photovoltaic
(OPV) technology, based mainly on the low cost of production as well as ease of fabrication of
these materials. More efficient OPV devices are necessary in order for them to be competitive
with other solar cell technologies currently in use. We use a variety of instrumentation to study
the molecular structure and morphology of OPV materials, namely a poly(phenylene vinylene)
derivative, CN-PPV, and a functionalized fullerene, PCBM. We use techniques including 2D IR
spectroscopy, Vis-IR spectroscopy, and FE SEM to study the molecular structure and dynamics,
charge transfer and excitation transport, and morphology of the thin films, respectively.
We also study another OPV system consisting of a polythiophene derivative, PIOT, and
PCBM. It has been found that a post production step of thermal annealing has a significant and
positive effect on the morphology, and therefore the efficiency of OPV devices. We study the
affects of annealing on a thin film of PIOT and PCBM using FTIR, UV-Vis, X-ray diffraction
and FE SEM. We study changes induced by annealing in terms of conformational ordering and
crystallinity of the polymer chains.
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Chapter 1

INTRODUCTION

Organic Photovoltaic Devices
The development and improvement of organic photovoltaic (OPV) devices has been an
area of interest in recent years. These devices hold certain advantages over more widely used
inorganic solar cells in that they are flexible and inexpensive materials. The physical flexibility
of organic materials allows a greater variety of architectural design for devices to be used on
many different types of surfaces to generate solar power. Organic photovoltaic materials can
also be easily and inexpensively fabricated by simply casting from solution onto a multitude of
surfaces.
A main goal in the field of solar energy research is to find inexpensive renewable energy
sources. The potential to reach this goal lies heavily on organic devices. Common materials
used in OPV devices include conjugated polymers as an electron donor, and a fullerene
derivative as an electron acceptor. Average prices for these materials are about $300-500/g for
commonly used polymers, and $20-50/gram for fullerene derivatives.1 (Prices are in US dollars)
Production methods developed for OPV devices are simple and inexpensive also. The most
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common deposition method is solution processing from common organic solvents. One method
of solution processing is spincasting which is a simple technique, but limited to small areas of
deposition. The application of the doctor blade technique to these materials allowed simple
solution processing to be applied to larger areas of a surface.2 Other solution processing methods
include screen printing and inkjet printing,2 both of these being further examples of inexpensive
production methods for OPVs. Organic materials also offer the advantage of very high optical
absorption coefficients allowing the use of thin films with thicknesses as low as 100 nm which
further supports the prediction that OPVs will be inexpensive to produce, needing only very
small amounts of the materials mentioned for production.3
A major disadvantage of OPVs is the limited efficiency of these devices which remains a
barrier to these materials being used commercially for solar power generation. A recent record
of 5.4% efficiency from an organic solar cell was reported by Plextronics, Inc. in 2007 and
certified by the National Renewable Energy Laboratory (NREL),4 yet this remains far from the
efficiencies of crystalline silicon devices which lie around 25%.5 Presently about 95% of
photovoltaic devices in use are silicon based devices.6 There is an obvious need for optimization
of OPV device performance in order for these devices to be competitive with their inorganic
counterparts.

History and Progress of OPV Technology
Significant progress has been made in the field of organic photovoltaic research in recent
years. It was found that conjugated polymers with a delocalized pi electron system can act as
electron donors, and therefore be utilized in PV devices. A wide variety of conjugated polymers
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have been studied in OPV blends, two common groups being poly(phenylene vinylene), (PPV),
and poly(thiophene), (PT), and their derivatives. More specifically, poly[2-methoxy-5-(3,7dimethyloctyloxy)]-1,4-phenylenevinlylene) (MDMO-PPV), and poly(3-hexylthiophene)
(P3HT), (Figure 1a) have received much attention within the field. Buckminsterfullerene (C60) is
a well known electron acceptor, but has very limited solubility. The synthesis of a fullerene
derivative, (1-(3-methoxycarbonyl) propyl-1-phenyl[6,6]C61), more commonly known as PCBM
(Figure 1b), has a much greater solubility than C60 and has been widely used in
polymer/fullerene PV devices.7
Despite the potential advantages of OPV devices, and the progress that has been made on
these devices to date, there remain many factors which continue to limit their efficiencies.
Further advancement of efficiencies in OPVs relies heavily on a better understanding of the
morphology of the materials used and their charge transport mechanisms.

Function and Limitations of OPVs
A photovoltaic device functions by the following steps which are illustrated in Figure 2:
absorption of a photon to create an exciton, or an electron-hole pair, exciton diffusion, charge
separation, and finally charge transport to the electrodes to create electricity from a light source.2
There are several limitations to organic solar cells which can hinder these steps from occurring.
Organic materials have large band gaps which limits the absorption of light. A band gap greater
than 2 eV allows only 30% of photons to be absorbed from the solar spectrum.8 Since
conjugated polymers lead to the creation of excitons as opposed to free charge carriers, the
exciton dissociation step becomes a significant one. This step can occur at an interface where a
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change in potential energy is present, such as the interface between donor and acceptor in a
photovoltaic material. Therefore, it is necessary for the exciton diffusion length to be the same
order of magnitude as the phase separation between the donor and acceptor. If this is not the
case, a greater possibility of exciton decay or charge recombination arises, leading to
inefficiency of devices. The exciton diffusion length in polymers is about 6-10 nm.9
The first device configuration used in OPV devices was that of a bilayer heterojunction10
(Figure 3a). In this design the donor and acceptor materials are stacked separately on top of each
other in a bilayer. This setup allows only a single D-A interface, illustrating the drawback of
losing absorbed photons that are created at a distance greater than the exciton diffusion length.
Only excitons generated within the exciton diffusion length (6 nm) of the interface can reach it in
order to undergo charge separation. This leads to inefficient device performance.
The use of a bulk heterojunction structure (Figure 3b) leads to more efficient devices.11
This design utilizes a blending of the donor and acceptor materials, allowing a nanoscale
network of multiple interfaces throughout the active layer. Although this structure increased
efficiencies from those of bilayer heterojunction solar cells, it brings about a new problem of
understanding the nanomorphology of the D-A blend in order to further optimize device
performance.

Two Dimensional Infrared Spectroscopy
Two dimensional infrared (2D IR) spectroscopy is a technique developed in recent years
that utilizes two frequency axes to relay structural information. This technique is sensitive to
local molecular vibrations that are present and can be used to probe the molecular structure and
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dynamics of chemical systems with high time resolution.12 Recently 2D IR spectroscopy has
been used to study a variety of systems, including denaturation and conformational changes in
proteins,13,14 vibrational coupling in DNA strands15 and hydrogen bond dynamics in water16
among many other applications. In this study, the work of a colleague, Larry Barbour, is
presented in which 2D IR as well as Vis-IR spectroscopies are applied to an OPV bulk
heterojunction film, giving information about the molecular order in the film by studying the
vibrational modes of the carbonyl group of PCBM. 17,18

OPV Materials and their Morphology
My contribution to the study has been a morphological study of OPV bulk heterojunction
films which enables the interpretation of the spectroscopic data. Morphology of OPV blends are
influenced by several parameters. It has been demonstrated that different solvents as well as
different weight ratios of donor to acceptor significantly change the morphology, and therefore
the efficiency, of a solar cell. A significant increase in efficiency of MDMO-PPV:PCBM devices
was reported simply from changing the solvent from toluene to chlorobenzene.19 The
concentration of solution a film is cast from also affects the morphology. Most importantly, the
weight ratio of the components has a significant effect on the charge transport properties of the
blend. High concentrations of PCBM within a film have been found to produce nano-sized
spherical clusters of this material surrounded by polymer throughout the active layer.20 It has
been proposed that these phase separated domains of PCBM allow enhanced ordering of the
polymer chains, leading to better hole mobility.20 Post production treatment such as thermal
annealing has been shown to have effects on device performance because of changes it induces
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to the active materials.21 A better understanding of the effects of all of these parameters will
hopefully lead to more efficient OPV devices in the future.
One of the first polymers of interest to be used as an electron donor in OPV devices was
MDMO-PPV. A mixture of this and PCBM in a bulk heterojunction solar cell design led to
efficiencies of about 2.5%.19 Other PPV derivatives were also used. A recent replacement of
PPV derivatives with polythiophene derivatives showed a further increase in OPV device
efficiencies. Regioregular P3ATs used as electron donors mixed with PCBM demonstrate power
conversion efficiences of up to about 5%.22 A possible reason for this is the fact that
polythiophenes exhibit better photostability than PPV and its derivatives. Also, the absorption
spectra of PTs show a better overlap with the solar emission spectrum. The sun’s maximum
photonflux lies around 650-700 nm. P3HT, a polythiophene derivative commonly used as an
electron donor in OPV devices has an absorption edge around 650 nm.2 Furthermore, a
postproduction step of thermal annealing of a P3HT:PCBM blend showed even more of an
increase in device performance due to enhanced crystallinity of P3HT which increases hole
mobility, as well as an even better overlap with the solar spectrum as mentioned previously.21
It has been found that thermal annealing causes significant changes to the morphology of
OPV films which may contribute to the increased efficiency in P3HT:PCBM devices. Annealing
increases the packing order of the polymer chains, which in turn enhances the interchain
interactions. When a polymer is heated above its glass transition temperature (Tg) the polymer
chains become more mobile and can reorganize to create a more efficient morphology by
recrystallizing, leading to enhanced hole mobilities.23 It has also been found that thermal
annealing causes an improvement in phase segregation of the components, which allows
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increased diffusion of PCBM molecules throughout the polymer matrix, greatly improving the
transport pathway in the blend.24
Padinger et al. was the first to report a change in efficiency upon thermal annealing. An
annealing temperature as low as 75ûC for four minutes increased the efficiency of a P3HT based
solar cell from 0.4% to 3.5%.21 Others have reported an optimal annealing temperature of 140ûC
at which point efficiencies began to decrease at higher temperatures.25

It has been well

demonstrated that annealing increases efficiencies in both PPV and PT based devices21,24,25 ;
however, a better understanding of morphological changes at the molecular level induced by
thermal annealing is necessary to continue moving towards the goal of more efficient OPV
devices.
In this work we investigate blends of both a PPV and PT derivative blended with PCBM,
namely CN-MEH-PPV and [3-(2-ethyl-isocyanato-octadecanyl)-thiophene] (PIOT), (Figure 4).
We study the optical properties of these materials using FTIR and UV-Vis spectroscopy, and
correlate these results with morphology investigations using microscopy (SEM) as well as X-ray
diffraction. We also use the same tools to study the effects of annealing on PIOT:PCBM blends.
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Chapter 2

EXPERIMENTAL

Materials
All materials used are commercially available. CN-MEH-PPV was obtained from H.W.
Sands. PIOT and PCBM were obtained from American Dye Source. Toluene and
chlorobenzene solvents were obtained from Sigma Aldrich.

Instrumentation
2D IR Vibrational Spectroscopy. 2D IR Spectroscopy is used to study OPV blends of
CN-MEH-PPV:PCBM. In collaboration with others, 2D IR experiments are performed using an
ultrafast Ti:Sapphire laser (Quantronix) to pump an optical parametric amplifier (OPA). Midinfrared pulses at 5.8 µm are produced at 1 kHz with 6 µJ/pulse and 150 fs duration and split into
two beams for the pump and probe pulses with a 30:1 intensity ratio. The pump beam is passed
through a Fabry-Perot interferometer to create a pump spectrum with full width at half-maximum
of about 5 cm-1 and stabilized to within +/- 1 cm-1. A 64 element dual mercury cadmium
telluride array detector captures 32 frequencies simultaneously while facilitating single shot
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normalization. The entire infrared beam path and sample area are enclosed in a nitrogen purged
environment. All measurements were conducted at room temperature.
Vis-IR Spectroscopy. Vis-IR sepctroscopy is used to study excitation transport and charge
separation in OPV blends of CN-MEH-PPV:PCBM. In collaboration with others, Vis-IR
experiments are performed using ultrafast Ti:Sapphire laser (Quantronix) to pump two OPAs.
The first OPA generates mid-IR pulses at 5.8 µm with 100 fs duration for the probe. The second
OPA is used to generate pump pulses at 550 nm with a pulse energy of 4 µJ and 100 fs duration.
The IR probe pulse and visible pump pulse are focused at the sample with spot sizes of 200 µm
and 250 µm, respectively. The time delay is varied with a computer controlled 0.6 m linear
translation stage. A 64 element mercury cadmium telluride dual array detector captures 32 probe
frequencies through a spectrograph while facilitating single shot normalization. The sample is
mounted on a 2- dimensional computer controlled translation stage, allowing raster scanning of
the sample to ensure a new spot for each data point collected. The entire infrared beam path and
sample area are enclosed in a nitrogen purged environment. All measurements were conducted at
room temperature.
Fourier Transform Infrared Spectroscopy. FTIR was used to compliment 2D IR
experimental results in the investigation of CN-MEH-PPV:PCBM films. FTIR was also used in
the study of annealing effects on blends of PIOT:PCBM. All spectra were measured using a
Varian FTS 7000 FTIR spectrometer. The spectral resolution was 2 cm-1, and 32 scans were coadded to obtain each spectrum. All measurements were conducted at room temperature.
Ultraviolet-Visible Spectroscopy. UV-Vis was used to study the annealing effects on
blends of PIOT:PCBM. UV-Vis spectra were obtained using a Varian/Cary 100 UV-Vis
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Spectrometer with a spectral range of 200-800 nm. All measurements were conducted at room
temperature.
X-Ray Diffraction. X-Ray diffraction was used to determine structural information about
PIOT:PCBM blends, as well as study annealing effects. The diffractometer used was a Scintag
Pad V. Measurements were taken at a range of 2 2θ to 40 2θ and analyzed using Jade software.
All measurements were conducted at room temperature.
Scanning Electron Microscopy. SEM was used in the investigation of both CN-MEHPPV:PCBM and PIOT:PCBM films to obtain morphology information. Micrographs were
obtained using a JEOL 6700F field emission SEM (FE SEM) equipped with a secondary electron
detector and a backscatter electron detector. Experiments were performed using an accelerating
voltage of 8 kV. Magnifications used vary between experiments. All measurements were
conducted at room temperature.

Preparation of Samples
CN-PPV:PCBM Samples. This OPV mixture was prepared by combining a 1:1 mixture
(by weight) of PCBM:CN-MEH-PPV (1.2% and 1.1%, respectively). For 2D IR experiments,
the mixture was drop cast onto a silver mirror and spun at 80 rpm to ensure the film dried
uniformly. For Vis-IR and SEM experiments the same preparation was used, but the solution
was applied to CaF2 windows and glass coverslips, respectively.
SEM data included in this study represent cross sections of the samples described above.
Films on glass cover slips were gold coated on both sides and broken to obtain a small cross

11

section. Films were cryo-cleaved in liquid nitrogen in order to freeze the polymer chains in place
and produce a clean surface to observe. The cross section was mounted on an FE SEM stub
using carbon tape. Silver paint was applied to both sides of the stub and the cross section was
iridium coated to ensure conduction in the instrument.
PIOT:PCBM Samples. This OPV mixture was prepared by combining a 1:0.2 mixture
(by weight) of PIOT:PCBM (0.75% and 0.5%, respectively). The solution was drop cast onto
CaF2 windows unless otherwise specified, and spun at 80 rpm to ensure the film dried uniformly.
UV-Vis samples were prepared from the same solution, but required thinner samples.
The 1:0.2 PIOT:PCBM solution was spincast at 1000 rpm for 10 minutes onto CaF2 substrates.
X-ray diffraction and SEM samples were dropcast onto glass coverslips. SEM samples
were broken to obtain cross sections and prepared in the same manner described for PPV
samples above.

Annealing Procedures
PIOT:PCBM films were annealed in a vacuum oven at 140°C and times indicated in
Table 1. FTIR, UV-Vis, and XRD measurements were taken before and after annealing. FTIR
difference spectra were generated by subtracting spectra of pristine films from those of annealed
films. Difference spectra presented here are an average of 5 sets of data for each annealing time.
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Chapter 3

POLY(PHENYLENE VINYLENE) DERIVATIVES AS ELECTRON
DONATING MATERIALS

In collaboration with others, two-dimensional infrared vibrational (2D IR) spectroscopy
was employed to study the chemical structure and dynamics of the MEH-CN-PPV:PCBM
photovoltaic films. 2D IR spectroscopy is sensitive to the molecular order in OPVs and is used
to probe the vibrational characteristics of the carbonyl mode of the methyl ester group of the
electron acceptor, PCBM. A morphology investigation of different blends of MEH-CNPPV:PCBM was performed using field emission scanning electron microscopy (FE SEM).
Small but significant changes in morphology are observed between different weight ratios of
blends from 1:0.3 to 1:1 MEH-CN-PPV:PCBM. This is presented in correlation with fourier
transform infrared (FTIR) spectroscopy results of the morphology dependant frequency position
of the carbonyl stretch of PCBM. Furthermore, photoinduced charge separation and excitation
transfer dynamics in these materials were studied using ultrafast visible pump-IR probe
spectroscopy (Vis-IR).
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2 Dimensional Infrared Vibrational Spectroscopy
In collaboration with Larry Barbour, 2D IR spectroscopy was used to study a 1:1 mixture
of CN-PPV:PCBM.17 2D IR results (Figure 5) illustrate information about the local
environments surrounding PCBM molecules in the donor-acceptor OPV blend. A detailed
description of the experimental procedure used is given on page 8. 2D IR spectra show the C=O
stretch of PCBM molecules at different time delays between the pump and probe pulses of Tw=1,
3, and 10 ps. The two frequency axes represent ωpr which results from dispersing the probe
beam into the spectrograph, and ωpu representing the frequency of the pump pulse where a
spectrum was recorded with the probe pulse. The ground to the first excited state transition (0-1)
appears along the diagonal (dashed line) at which ωpr =ωpu. The 1-2 transition is shifted offdiagonal and possesses a negative sign.
The 2D IR spectra show inhomogeneous broadening of the C=O stretch of PCBM
indicating that PCBM molecules exist in a distribution of environments. PCBM molecules
within the bulk heterojunction film are sensitive to their specific local environments causing the
C=O stretch to be broadened. Reports in the literature26,27 of the morphology of PPV:PCBM
blends indicate that PCBM forms nano-sized spherical domains which are surrounded by a
polymer matrix, resulting in PCBM molecules residing in two different environments, in the
outer shell of the domain near the polymer, or embedded within the center of the domain cluster.
In subsequent experiments described below, the assignment of the different environments of
PCBM molecules causing inhomogeneity of the C=O stretch is confirmed by investigation of the
morphology of the OPV blends used.
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Morphology Investigation of MEH-CN-PPV:PCBM
Field emission scanning electron microscopy (FE SEM) was used to study the
morphology of varying weight ratios of CN-PPV:PCBM. As mentioned in the introduction, the
weight ratio of the components in OPV devices has a significant effect on their morphology, and
hence the transport properties within the blend. The dependence of device efficiencies on the
weight ratio of the materials is thought to be caused by the aggregation of PCBM into nano-sized
domains which are surrounded by the polymer “skin”.27 PCBM forms domains because of its
high diffusion coefficient in amorphous MDMO-PPV.20 It has been proposed that this
aggregation of PCBM allows the polymer chains to organize in a more ordered way than if
PCBM molecules were more randomly dispersed throughout the polymer.28 Enhanced packing
of the polymer chains leads to increased hole mobility. Reports in the literature20 show that the
weight ratio of PPV:PCBM effects the charge carrier mobility as was determined by photoCELIV technique. More specifically, an increase in PCBM content was found to increase the
charge carrier mobility.20
In this work, films of varying weight ratios from 1:0.3 to 1:1 CN-PPV:PCBM were
investigated to correlate the morphological characteristics with the increase in mobilities
mentioned above.20 SEM micrographs are shown in Figure 6. Three images captured at
different areas of the cross section of each weight ratio investigated, 1:0.3, 1:0.6 and 1:1 CNPPV:PCBM, are presented to ensure homogeneity of the entire film. The morphology of the
cross sections is similar between all the weight ratios investigated. All micrographs exhibit
spherical nano-sized domains of PCBM surrounded by polymer as was expected from the
literature. 27 Upon closer examination of the morphology (Figure 7) it can be seen that a slight
but significant increase in PCBM domain size occurs with increasing PCBM concentration.
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Domain sizes measure from about 15-20 nm in a 1:0.3 CN-PPV:PCBM film, then grow to about
30-35 nm, and finally about 50 nm in 1:0.6 and 1:1 CN-PPV:PCBM films, respectively.
In order to understand the origin of the inhomogenous broadening of the C=O bond
discussed in the previous section and use this as a metric of the local environments in the
material a concentration dependant FTIR study was performed (Figure 8a). The linear
vibrational spectrum of blends with increasing polymer concentration were compared with that
of pure PCBM resulting in a gradual blueshift of the carbonyl stretch. Furthermore, an FTIR
study of the blends whose morphology was studied (Figure 8b) reveals a frequency dependence
of the carbonyl stretch of PCBM on the domain size present in the blend. In both FTIR studies,
results consistently show that with decreasing PCBM concentration the C=O stretch shifts to
higher frequencies. More specifically, in a film of pure PCBM (Figure 8a) the C=O stretch
appears at about 1736 cm-1. With the addition of polymer it shifts to about 1739 cm-1 in a 1:1
blend (Figures 8a and b). With a further decrease in PCBM concentration the C=O stretch
occurs to about 1740 cm-1 in the 1:0.3 CN-PPV:PCBM blend (Figure 8b). Overall results show
that with decreasing PCBM concentration, and therefore decreasing domain sizes of PCBM the
frequency of the C=O stretch of this material shifts to higher frequencies. In addition to linear
IR spectra of films with varying weight ratios, a plot of frequency position of the C=O stretch
versus the weight fraction of PCBM is shown in Figure 9 for weight ratios varying from 1:0.1
CN-PPV-PCBM to pure PCBM, illustrating the gradual decrease in frequency with increasing
PCBM concentration. These results were consistent over several different trials confirming this
frequency shift.
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Charge Separation and Excitation Transport
In collaboration with Larry Barbour, we have used the morphology study discussed
above to understand charge separation and excitation transport in the OPV blend.18 Vis-IR
spectroscopy was applied to the 1:1 mixture of CN-PPV:PCBM. A detailed description of the
experimental procedure is given on page 10. SEM images of this blend (Figures 6 and 7)
discussed in the previous section demonstrate the phase separated regions of the materials. The
light colored spheres represent approximately 50 nm domains of PCBM clusters surrounded by
darker regions representing the polymer in the 1:1 blend. Again, the C=O group of the PCBM
molecules in the blend was used as a vibrational probe to study charge separation and excitation
transport to the interfaces between the donor and acceptor in the blend. As mentioned in Chapter
1, charge separation can occur at a D-A interface within the bulk heterojunction. The exciton
diffusion length in conjugated polymers has been found to be about 6-10 nm.9
Vis-IR spectroscopy results (Figure 10) illustrate a featureless absorption from the
photo-generated excitations of the polymer. These are charged polarons arising after photon
absorption.29 The absorption of the polymer is featureless because of the lack of infrared active
modes of this material in the region chosen, which can be seen from the linear IR spectrum of the
polymer and PCBM depicted in the lower panel. The other feature of the Vis-IR results
presented is the ground state bleach of the carbonyl mode which is the positive going feature in
each of the spectra in the upper panel. This bleach results from the interfacial charge transfer
from the polymer to the fullerene. Spectra were collected at different time delays of 1 ps, 10 ps,
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100 ps, and 1 ns. We are confident this bleach results from electron transfer from the polymer to
the fullerene because direct excitation of PCBM does not result in the 6 cm-1 shift which is
observed in the data presented here.
Vis-IR results were obtained by selectively exciting the polymer at 550 nm. The area of
the carbonyl bleach at each time delay directly correlates to the concentration of electrons that
have been transferred from the polymer to the fullerene upon excitation. Therefore, the area of
the bleach at each time delay shown above was obtained by integrating the spectra to give the
charge transfer dynamics (Figure 11a). A kinetic model of these results is also included (Figure
11b). Upon dissection of the charge transfer dynamics, it is evident that three separate processes
are occurring. Upon photoexcitation, a fast charge transfer (Process 1) occurs from the polymer
to the fullerene domains and is illustrated by the initial rise in Figure 11a. The bleach area
reaches a maximum around 5 ps, and then decays (Process 2) which indicates back electron
transfer from the fullerene to the polymer. Lastly, a slow charge transfer indicated by the second
rise in the bleach area (Process 3) occurs.
The fast and slow components of the interfacial charge transfer studied are attributed to
excitations that are formed throughout the polymer phase of the blend. As mentioned previously,
the CN-PPV:PCBM blend phase separates into about 50 nm domains as determined from SEM.
Charge separation can occur at the interfaces of these domains. The fast charge transfer
component arises from excitations formed near an interface between the polymer and fullerene,
where little or no transport is required for charge separation. The slow transfer component arises
from excitations arising within the polymer phase that must travel further to reach an interface to
undergo charge separation.
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The kinetic model outlining these different processes is shown in Figure 11b.
Process 1 refers to photoexcitations created in the polymer near an interface (PPVINT) which
gives rise to the fast charge transfer component. The rate constant kf corresponds to the rate of
forward charge transfer to PCBM in this process. Excitations that do not undergo charge transfer
to PCBM will relax back to their ground state giving rise to Process 2. The back electron
transfer is assigned a rate constant of kb. Lastly, the slow charge transfer component mentioned
above (Process 3) arises from excitations formed in the bulk of the polymer matrix. These
excitations must undergo diffusion which is assigned a rate constant of kd before taking part in
forward charge transfer to PCBM.
The results presented here are consistent with the morphology study discussed in the
previous section. In the 1:1 mixture studied here, PCBM molecules form domains that are about
50 nm in diameter and are dispersed throughout the film surrounded by polymer. The different
environments of PCBM molecules that cause a broadening of the C=O stretch in the 2D IR
spectra are assigned to “shell” vs. “core” molecules, referring to molecules residing in the outer
shell of the domain which are more likely to participate in electron transfer because of their close
proximity to the polymer, and those residing in the center of the spherical domains, respectively.
Vis-IR results show that excitations are formed at a variety of distances from these domains
within the polymer matrix. Excitations formed near a PCBM cluster can easily undergo
interfacial charge transfer whereas those formed at a greater distance must first partake in exciton
diffusion in order to reach a PCBM domain. However, a percentage of excitons may never reach
an interface and instead undergo relaxation back to the ground state resulting in inefficient
charge separation.
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Chapter 4

POLYTHIOPHENE DERIVATIVES AS ELECTRON DONATING
MATERIALS

As mentioned earlier, an increase in efficiencies of OPV devices was observed when
regioregular P3ATs were used as the electron donating polymer in a bulk heterojunction device.
RR-P3HT blended with PCBM demonstrates power conversion efficiences of about 5%,22 which
is double that of PPV:PCBM devices which show average efficiencies of about 2.5%.19

RR-

P3ATs exhibit smaller band gaps, enhanced crystallinity, and improved electroconductivities.30
P3HT exhibits a relatively high hole mobility of 0.1 cm2/V·s, whereas that of PPV derivatives lie
around 10-4 cm2/V·s. Thermal annealing of P3AT based devices further enhances their
crystallinity, leading to increased hole mobilities.21 In this study we investigate the effects of
annealing in a blend of a polythiophene derivative, PIOT, and PCBM (structures in Figure 4).
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FTIR Investigation
A main interest in this research is the study of OPV materials using Fourier Transform
Infrared (FTIR) spectroscopy methods. It has been well established that FTIR is highly sensitive
to hydrogen bonding31 as well as ordering in materials.32,33 In this study FTIR was applied to a
blend of PIOT and PCBM. PIOT is a polythiophene derivative similar to P3HT. In this blend,
both the PIOT and PCBM contain carbonyl (C=O) functional groups that exhibit characteristic
frequencies around 1695 cm-1 and 1736cm-1 respectively. In addition, PIOT contains an N-H
functional group that shows a peak around 3300 cm-1. The linear IR spectra of both materials are
shown in Figure 12.
Upon closer examination of the carbonyl stretch of PIOT it can be seen that a main peak
at approximately 1695 cm-1 as well as a slight shoulder at 1736 cm-1 both exist (Figure 13a).
This double feature is typical of polymers that are capable of hydrogen bonding, with the lower
frequency peak assigned to carbonyls that are participating in hydrogen bonding, and the higher
frequency feature attributed to non-hydrogen bonded carbonyls. 34,35,36 Similarly in the N-H
region which can be seen in the lower panel of Figure 13b, the main peak at 3300 cm-1 is due to
hydrogen-bonded groups, whereas a peak at higher wavenumbers (3450 cm-1) would be evidence
of “free” N-H groups.37 It is evident from the IR spectra of pure PIOT that the majority of
carbonyls are hydrogen bonded to an N-H on a neighboring sidechain, while only a small
percentage represented by the slight shoulder at higher frequency are not.
In addition to hydrogen bonding, FTIR spectroscopy is sensitive to conformational
changes and has been used to determine the crystallinity and molecular order of a wide variety of
polymers.33

Specifically the carbonyl region from 1600-1800 cm-1 is sensitive to these changes
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because of dipole-dipole interactions.38 The N-H stretching region from 3300-3500 cm-1 is on
the other hand quite insensitive to conformational order or disorder, yet still provides information
about the relative strength of hydrogen bonding.38
FTIR spectra were recorded before and after annealing of 1:0.2 PIOT:PCBM blends, and
difference spectra were generated by subtracting the spectra of as-deposited films from those of
annealed films. FTIR results after annealing at all times and temperatures show a consistent red
shift of the C=O stretch as can be seen from the difference spectra (Figure 14) which show a
positive going feature on the low frequency side of the peak, and a negative feature on the high
frequency side, indicating an overall shift to lower frequency. The red shift of the carbonyl
stretch is small, measuring from approximately 2-5 cm-1 for all annealing conditions. This shift is
illustrated in the upper panel of Figure 14 which shows the FTIR spectra of an original blend,
and that of a blend annealed at 140°C for 5 minutes. The shift in frequency is evidence of
increasing order of the polymer side chains. A similar shift to lower frequency of the carbonyl
stretch was observed in poly(caprolactone), a cyclic ester, upon its crystallization.39 The small
magnitude of the redshift of the C=O stretch observed here is a good indication that the
PIOT:PCBM blends already contain a high degree of crystallinity, and annealing induces only a
slight enhancement of the ordering in the polymer.
Changes in the N-H stretch frequency at about 3300 cm-1 were also observed after
annealing. This peak exhibits a blue shift after annealing which can be seen from the difference
spectra (Figure 15) showing a negative feature on the low frequency side of the peak, and a
positive one on the high frequency side at all annealing conditions. The magnitude of this shift is
also small, measuring about 2-5 cm-1 for all annealing conditions. This shift is illustrated in the
upper panel of Figure 15 which shows the FTIR spectra of a PIOT:PCBM blend before and after
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annealing at 140°C for 5 minutes, before a difference spectrum was generated. As mentioned
previously, the N-H region is insensitive to conformational ordering, but is highly sensitive to
hydrogen bond strength.38 Hydrogen bonded N-H groups will exhibit lower frequencies than
free N-H groups. The spectral characteristics of PIOT before annealing exhibit high degrees of
hydrogen bonding shown by the dominance of the lower frequency peaks in both the C=O and
N-H regions, indicating the presence of a hydrogen bond between the C=O of one sidechain to
the N-H of another, a C=O···H-N hydrogen bond. The shifting of the N-H bond to higher
frequency indicates a weakening of this H-bond between chains. Again, the change in frequency
is small indicating only a slight weakening of the bond since the magnitude of the frequency shift
is directly correlated to the strength of the hydrogen bond.32
It may be thought that the frequency shift observed in the C=O spectral region discussed
previously is also caused by a change in hydrogen bonding, since this is a common cause of band
shifts in IR spectra.31 The red shift of the C=O stretch would be indicative of the formation or
strengthening of a hydrogen bond. However, this would be inconsistent with the spectral
changes observed in the N-H stretching region after annealing since this functional group
exhibits a blue shift. Therefore, enhanced crystallinity of the polymer is a more valid argument
and is consistent with the blue shift of the N-H stretch, as well as with subsequent results.
The degree of conformational order of the polymer chains can be further
investigaed by focusing on the CH2 symmetric and antisymmetric stretching modes around 28462853 cm-1 and 2912-2926 cm-1, respectively.32 Antisymmetric CH2 frequencies of disordered
systems will be close to that of liquid alkanes at about 2924 cm-1, while those showing more
conformational order will be closer to the frequency of crystalline alkanes at about 2915-2918
cm-1.32 FTIR spectra before and after annealing, as well as difference spectra of PIOT:PCBM
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blends in this region show a slight shift to lower frequencies (Figure 16) which is evidence of an
enhanced ordering of the polymer chains upon annealing.
We confirmed that this shift to lower frequency in the CH2 spectral region resulted from
ordering by intentionally introducing disorder by raising the temperature and comparing IR
spectra at room temperature and 400 K. If the decrease in frequency is indeed related to
increased order after annealing and cooling, then a temperature-dependant FTIR spectrum would
be expected to show an increase in frequency at a high temperature due to disordering of the
polymer chains. Figure 17 shows FTIR spectra of the CH2 region of the blend at room
temperature and 400 K. There is a shift of a few wavenumbers to higher frequencies for both the
symmetric and antisymmetric CH2 modes, which supports that these changes in frequencies can
be attributed to enhanced ordering of the polymer chains.
To conclude this FTIR study, the data presented show changes in frequencies in three
different spectral regions, namely the C=O region at 1740 cm-1, the N-H region at 3300 cm-1 and
the CH2 region at 3000 cm-1 . Both the C=O and CH2 regions exhibit shifts to lower frequencies
after annealing which have been assigned to enhanced ordering of the polymer chains since these
regions are sensitive to conformational order.32,38 The N-H region exhibits the opposite
frequency shift to higher wavenumbers after annealing which has been assigned to a weakening
of the C=O···H-N bond, since the N-H region is highly sensitive to changes in hydrogen bonding
but insensitive to conformational changes.38 We rationalize these observations according to the
following explanation. Upon examination of the chemical structure of PIOT (Figure 4) it can be
seen that the long 18 carbon alkyl portion of the sidechains might inhibit the positions of the
C=O and N-H groups to hydrogen bond. Therefore it can be speculated that in the disordered
film, the polymer sidechains are bent and twisted in a way that allows these two groups to
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hydrogen bond. Upon annealing, the conformational order of the polymer chains is increased,
causing a slight weakening of the hydrogen bonds which is consistent with the frequency shifts
in all the spectral regions discussed above.

Ultraviolet-Visible Spectroscopy
In addition to FTIR, UV-Visible spectroscopy was applied to 1:0.2 blends of
PIOT:PCBM before and after annealing. The absorption characteristics of OPV blends gives
information about the π-π stacking among the polymer chains and their resulting conjugation
length. Blends containing good π- π stacking and therefore higher conjugation length will absorb
at longer wavelengths than others. Polythiophenes exhibit an absorption maximum at longer
wavelengths than PPV indicating enhanced π- π stacking in these materials, as well as a better
overlap with the solar spectrum. This is one of the dominant reasons that PTs exhibit enhanced
efficiencies over PPV devices.
UV-Vis results show a general trend of a red shift in the spectra as shown in Figure 18
for different annealing times at 140ûC. More specifically, the absorption maximum shifts from
about 480 nm in the pristine blend, to about 510 nm in the annealed blends. There is also the
growth of a small shoulder at around 600 nm. This agrees with results found in the literature40,41
in which an overall broadening and redshift of about 30 nm is seen after annealing at
temperatures as low as 55ûC. This supports results of increased efficiencies due to a redshift in
absorption, giving a better overlap with the solar emission specturm, which has a maximum
around 650-700 nm.2 This change in the absorption spectrum is also indicative of increased
ordering of the polymer. As stated previously, materials with better π- π overlap will absorb at
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longer wavelengths, so the red shift observed here is assigned to an enhancement of the π- π
stacking of the polymer chains. Another indication of increased ordering of the polymer is
shown by comparison of the spectrum of an annealed film and that of regioregular P3HT. RRP3HT shows an absorption maximum at higher wavelengths than blends. Also, the growth of a
shoulder around 600 nm further supports the idea that annealing increases the packing order of
the polymer, as this shoulder is a feature in the absorption spectrum of pure P3HT.42

X-Ray Diffraction Study
In order to further support the theory that annealing causes enhanced packing and order
of the polymer chains, grazing incidence X-Ray Diffraction (XRD) results are shown in Figures
19 and 20. Others have used XRD to show an increase in crystallinity of both pure P3HT as
well as P3HT:PCBM blends after annealing.43,44
Our XRD results do not show a change in crystallinity after annealing until a time of 45
minutes is reached, but pristine films already show an XRD pattern similar to that of PIOT. This
is due to the low concentration of PCBM in the 1:0.2 PIOT:PCBM blends used in this study. It
has been shown that increasing the concentration of PCBM decreases the crystallinity of pristine
blends.43 Thermal annealing of blends with high concentrations of PCBM can then reinstate the
molecular order of P3HT. In a blend with low concentrations of PCBM, the molecular ordering
of the film before the annealing step will already greatly resemble that of the pure polymer which
can be seen by the comparison of an XRD pattern of a PIOT:PCBM blend with that of pure
PIOT (Figure 19). In addition, the slow deposition method used here by dropcasting and
allowing the solvent to evaporate gives the polymer chains sufficient time to order together in the
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film. Therefore it can be concluded that the blend in this study contains a high level of order
even before it undergoes annealing, and annealing times as long as 45 minutes are required in
this case to enhance the packing of the polymer. After 45 minutes of annealing (Figure 20), the
XRD pattern exhibits the same value of 2θ showing no change in the d-spacing between polymer
chains, however the area under the peak is significantly increased which corresponds to an
increase in crystallinity of the film.
The XRD results presented here are consistent with the FTIR study discussed previously.
In both cases it is concluded that 1:0.2 PIOT:PCBM films contain a high degree of order even
before an annealing step is introduced. Upon thermal annealing, a slight increase in
conformational order is observed from both the slight but noticeable frequency shift observed in
the FTIR study, as well as a change in the XRD pattern after 45 minutes of annealing.
The XRD results do not show large changes in the crystallinity of the films as expected;
however they can still be used to gain knowledge of the orientation of the crystal lattice structure.
All of the XRD patterns show a main broad peak at around 22 2θ. Peaks at higher values of 2θ
such as this correspond to either b-axis or c-axis orientation of the polymer chains with respect to
the substrate (Figure 21). In a b-axis orientation, both the polymer chains and their side chains
lie parallel to the substrate surface, whereas in a c-axis orientation, the polymer main chains are
perpendicular to the substrate, while the side chains lie parallel to the surface.43
XRD results also allow us to calculate the d-spacing between the polymer chains using
Bragg’s Law,45 2dsinθ=nλ. An incident beam with wavelength of λ=0.154 nm was used, and a
value of 2θ of about 22 which is consistent in all of the XRD patterns, both polymer and blends,
coincides with a d-spacing of 4.2Å between polymer chains. Regioregular P3HT self organizes
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into structured layers separated by about 3.8 Å with strong interchain interactions.46 Therefore
the interchain distance of 4.2 Å determined here is evidence of strong π- π interactions among
the polymer chains, and is consistent with previous results showing high levels of ordering of
PIOT in the blends studied.

Investigation of Morphology
In order to correlate the nano-morphology of these blends with the optical properties
shown by FTIR and UV-Vis studies, scanning electron microscopy (SEM) was applied to the
blends before and after annealing. It can be shown from these images that a significant change in
morphology occurs after annealing.
Images were taken of cross sections of an unannealed blend, as well as blends that had
been annealed for 15 s, 30 s, 5 min, 10 min, and 45 min (Figure 22). Similar microscopy
techniques applied to P3HT:PCBM films showed the formation of P3HT fibrils after annealing.41
The SEM images show a significant change in morphology immediately upon annealing for a
short time of 15 seconds. Unannealed blends of PIOT and PCBM show a somewhat featurless,
homogenous morphology without a very obvious phase separation. Upon annealing, larger
spherical domains of PCBM become a main feature of the morphology. The light colored
spherical structures evident in Figure 22 in annealed cross sections are assigned to PCBM
networks and are surrounded by a polymer matrix, similar to SEM micrographs of CNPPV:PCBM blends discussed previously. Images shown are at varying magnifications, but
consistently show the presence of PCBM domains after annealing at all times.
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Correlating the changes in morphology observed here with results discussed in previous
sections allows us to speculate that the aggregation of PCBM into spherical phase separated
domains after annealing allows the polymer chains to undergo enhanced packing and ordering,
consistent with previous results. Previous to annealing, the presence of PCBM molecules
dispersed within the polymer matrix hinders the polymer chains from ordering as they would be
inclined to in a film of pure PIOT. After annealing, SEM images illustrate the formation of
visible PCBM domains, therefore allowing increased cystallinity and packing of the polymer
chains.
Based on morphology studies of P3HT:PCBM films found in the literature,47,48 it is
concluded that annealing causes a demixing of the two materials, but not a large-scale phase
separation which is observed upon annealing of PPV:PCBM blends.49 The increase in
efficiencies of annealed P3HT:PCBM films is therefore believed to be partly due to this
demixing, which allows a more continuous pathway for hole and electron transport.47
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Chapter 5

CONCLUSIONS AND FUTURE DIRECTIONS

The study of organic photovoltaic materials has been of great interest in recent years and
is driven by the obvious need for inexpensive renewable energy resources. This thesis presents
morphological studies of OPV materials using various techniques to give information about the
molecular structure of the system. These findings allow the interpretation of 2D IR and Vis-IR
spectroscopy studies which give information about the structure and charge transfer dynamics of
the system. In addition, a post-production step of thermal annealing which has been proven to
increase efficiencies of OPV devices is investigated using several different techniques to study
both the optical properties as well as the morphology of these materials.
Time-resolved 2D IR spectroscopy results show that the carbonyl group of PCBM is
sensitive to its local environment, making this a useful technique to study the molecular structure
of OPV films. Vis-IR spectroscopy results show that charge transfer occurs on different time
scales due to excitations that are formed at different distances from donor-acceptor interfaces
within the polymer matrix.
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A post-production step of thermal annealing has consistently demonstrated increased
efficiency in OPV devices.21,24,25 FTIR studies show enhanced ordering of the polymer chains,
as well as weakening of hydrogen bonding. These results are supplemented with UV-Vis results
showing a red shift in the absorption spectrum giving a better overlap with the solar emission
spectrum. X-ray diffraction studies illustrate an increase in crystallinity upon annealing.
Morphology studies using field emission SEM are also presented and show a significant
demixing of the materials from their homogenous morphology before this post-production step.
This change in morphology has been correlated with the formation of continuous pathways for
more efficient electron and hole transport within the materials.
The study of organic photovoltaics has received much attention among researchers and
will only continue to grow in the future. Current ideas for further improvement of efficiencies of
OPV devices include, but are not limited to, the development of low band gap polymers as well
as new electron-accepting materials.2 Hybrid solar cells have also been introduced to combine
and optimize the properties of both inorganic semiconductor nanoparticles and conjugated
polymers.50,51 In addition to developing and improving donor and acceptor materials, the device
architecture of a bulk heterojunction solar cell can also be improved. An ideal structure is
illustrated in Figure 23. In this structure the donor and acceptor interfaces would be at a distance
of no greater than the exciton diffusion length of 10-20 nm apart which would minimize losses
due to recombination.2 There remain many challenges and opportunities for continued
improvement to OPV devices in years to come.
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Figure 1. Common materials used for a) electron donors and b) electron acceptors in organic
photovoltaic devices.
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Figure 2. a) Photoinduced charge transfer from MDMO-PPV to PCBM after photoexcitation
and b) their energy levels.
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Figure 3. Device architectures for photovoltaic cells with an active layer sandwiched between
two electrodes. a) A bilayer structure device where donor and acceptor materials are stacked in
separate layers. b) A bulk heterojunction device where the active layer is a blend of donor and
acceptor materials.
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Figure 4. Chemical structures of a) electron donating polymers and b) electron acceptor
fullerene derivative used in this study.
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Short times (s)

Long times (min)

15

5

30

10

45

30

60

45

Table 1. 1:0.2 PIOT:PCBM annealing and times at a temperature of 140°C.
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Figure 5. 2D IR spectra of CN-MEH-PPV:PCBM at different time delays.
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1:0.3 CN-PPV:PCBM

1:0.6 CN-PPV:PCBM

1:1 CN-PPV:PCBM

Figure 6. SEM images of 1:0.3 , 1:0.6 and 1:1 blends of CN-PPV:PCBM.
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1:0.3

1:0.6
PCBM

PCBM

1:1
PCBM

Figure 7. SEM micrographs of 1:0.3, 1:0.6 and 1:1 CN-PPV:PCBM films showing an increase
in domain size with increasing PCBM content.
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Figure 8. a) FTIR spectra of films with weight ratios varying from pure PCBM to 1:1 CNPPV:PCBM. b) FTIR spectra of weight ratios used in morphology study, varying from 1:1 to
1:0.3 CN-PPV:PCBM.
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Figure 9. Plot of C=O frequency position vs. PCBM weight fraction.
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Figure 10. Vis-IR spectroscopy results (upper panel) and linear vibration spectra of each
component of the 1:1 mixture.
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a

b

Figure 11. a) Charge transfer dynamics and b) kinetic model of the dynamics illustrating the
presence of three separate processes occuring.
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Figure 12. Linear vibrational spectra of PIOT and PCBM.
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Figure 13. FTIR spectrum of a) the carbonyl stretch of PIOT illustrating a main peak at about
1695 cm-1 and a shoulder at 1736 cm-1 and b) the N-H stretch of PIOT illustrating a main peak at
about 3330 cm-1 and a shoulder at 3450 cm-1.

48

a

0.6

annealed

original

Absorbance

0.5
0.4
0.3
0.2
0.1
0
1625

1645

1665

1685

1705

1725

1745

1765

Wavenumber (cm-1)

b
0.09

Absorbance

0.07
0.05
0.03
0.01
-0.011600

1650

1700

1750

1800

15s
30s
45s
1 min

-0.03
-0.05
Wavenumber (cm-1)

c

0.09

Absorbance

0.07
0.05

1 min
5 min
10 min
15 min
45 min

0.03
0.01
-0.011600

1650

1700

1750

1800

-0.03
-0.05
Wavenumber (cm-1)

Figure 14. a) FTIR spectra of the carbonyl stretch before and after annealing. b) Difference
spectra of the carbonyl stretch at 140 degrees and short annealing times (15 s to 1 min), and c)
140 degrees and long annealing times (1 min to 45 min).

49

a

annealed

Absorbance

0.2
0.18
0.16
0.14
0.12
0.1

original

0.08
0.06
0.04
0.02
0
3200

3250

3300

3350

3400

3450

3500

Wavenumber (cm-1)
0.01

b
Absorbance

0.005
0
3200

3250

3300

3350

3400

3450

3500

-0.005
-0.01

15s
30s
45s
1 min

-0.015
-0.02
Wavenumber (cm-1)

0.03

c

0.025

Absorbance

0.02
1 min
5 min
10 min
15 min
45 min

0.015
0.01
0.005
0
3200
-0.005

3250

3300

3350

3400

3450

3500

-0.01
Wavenumber (cm-1)

Figure 15. a) FTIR spectra of the N-H stretch before and after annealing. b) Difference spectra
of the N-H stretch at140 degrees and short annealing times (15 s to 1 min), and c) 140 degrees
and long annealing times (1 min to 45 min).
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Figure 16. a) FTIR spectra of the CH2 region before and after annealing at 140°C for 5 minutes.
b) Annealing difference spectra in the CH2 region at 140°C and short times (15 s to 1 min).
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Figure 17. Temperature dependance of CH2 region. FTIR spectra taken at room temperature and
400K.
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Figure 18. UV-visible spectroscopy results of an unannealed PIOT:PCBM blend as well as blends
annealed at 140° C at several different times.
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Figure 19. X-ray diffraction pattern comparison of a 1:0.2 PIOT:PCBM blend and pure PIOT.

54

Figure 20. X-ray diffraction results illustrating a change in crystallinity after annealing for 45 minutes at
140°C.
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Figure 21. Orientations of polymer chains with respect to the substrate.
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Figure 22. SEM cross sections of 1:0.2 PIOT:PCBM showing morphology changes after
annealing at 140ûC.
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Figure 23. Ideal bulk heterojunction device structure with alternating donor and acceptor layers
at a distance no greater than the exciton diffusion length of 10-20 nm.

