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Abstract

Studies of Organic Semiconductor Nanostructures and Their Photovoltaic Applications

Guogiang Ren

Chair of the Supervisory Committee:
Professor Samson A. Jenekhe
Department of Chemical Engineering

Organic solar cells are promising by virtue of their low-cost production, mechanical
flexibility of plastics, and the range of possible applications. Although progress has been made in
developing organic solar cells in the past decade, the power conversion efficiency now about 8-
10% 1s still substantially lower than silicon-based devices. It has been recognized that the
photovoltaic conversion process in organic solar cells is dependent on the morphology of the
photoactive layer which consists of a binary blend of donor and acceptor materials. This work
explores different approaches to controlling the morphology of bulk heterojunction polymer solar
cells towards improving the photovoltaic efficiency, including diblock copolymer assemblies,
organic semiconductor nanowires, and the use of processing additives. In addition, we explore a
new method of characterizing the nanoscale morphology of polymer solar cells.

Investigation of the photovoltaic properties, charge transport, and morphology of a series of
diblock conjugated copolymers as a function of block composition showed that the highest

efficiency was achieved at the 50% block composition. Nanowires assembled from diblock



copolythiophenes of different compositions showed a tunable average aspect ratio (length/width)
of 50—-260, which revealed an increase of efficiency with increasing aspect ratio. All-nanowire
solar cells comprising a polymer nanowire donor and a small-molecule nanowire acceptor were
found to have enhanced photovoltaic efficiency. The use of a processing additive was found to
give  optimum  device performance in  benzobisthiazole-based  donor—acceptor
copolymer/fullerene and poly(3-hexylthiophene)/non-fullerene photovoltaic blend systems. The
performance of non-fullerene polymer solar cells was enhanced 10-fold by using only 0.2 vol%
additive and the mechanism of enhancement in efficiency was explained in terms of the
optimized nanoscale morphology. Scanning transmission electron microscopy coupled with
energy dispersive X-ray spectroscopy was successfully used for the first time to image the
nanoscale morphology of all-polymer bulk heterojunction solar cells, demonstrating high spatial

resolution with chemical specificity.
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Chapter 1 Introduction

1.1 Organic Semiconductors

Organic semiconductors represent an important class of materials that have been widely and
extensively studied due to their interesting and fundamental physics, as well as their great
promise in device applications, such as organic light emitting diodes (OLEDs), organic field
effect transistors (OFETs), and organic solar cells (organic photovoltaic devices, OPVs). These
molecules usually contain delocalized m-electrons in the form of monocyclic or polycyclic
aromatic compounds. They can be classified into small molecule or polymer semiconductors
according to their molecular weight, or p-type, n-type, and ambipolar semiconductors according
to their charge transport properties.

The research on organic semiconductors can be traced back to 1977, when Alan J. Heeger,
Hideki Shirakawa, and Alan MacDiarmid discovered that the electrical conductivity of a
conjugated polymer — trans-polyacetylene can be increased by 10’ times by chemical doping.'™
This pioneering research won them the 2000 Nobel Prize in Chemistry, and has triggered
increasing efforts in the development and applications of organic semiconductors in academia
and industry. The device applications of such organic semiconductors have brought in a new era
of organic electronics, as contrasted to the traditional electronic devices based on inorganic
semiconductors, silver or copper.

1.2 Organic Semiconductor Nanostructures

Organic semiconductor nanostructures emerged recently as a confluence of research on
organic semiconductors and nanoscience/nanotechnology.” Among the many advantages organic
semiconductor nanostructures offer, the most prominent one is the ability to control the

morphology of such nanostructures to achieve enhanced or even novel properties. For example,



tuning of the nanostructures of the active layer of organic solar cells by either self-assembled
nanowires® or adding processing additives’ has both resulted in enhanced photovoltaic properties
of the same photovoltaic blend materials. The use of organic semiconductor nanowires has been
proven effective in achieving high charge carrier mobility in organic field-effect transistors as
well.®

The primary driving force for the formation of organic semiconductor nanostructures is the
stacking of m-electrons of the molecular backbones due to their planar framework and the highly
delocalized m-systems.” Take the most-studied regioregular poly(3-alkylthiophene) (P3AT)
nanowires for example.” The nanowire axis is formed by the stacking of m-electrons of
polythiophene backbones along the (010) direction, and the side-chains interdigitate along the
(100) direction to form the height. Nanowires with well-defined geometry, i.e. ~15 nm in width,
3-5 nm in height and several um in length, are usually obtained for this particular polymer
semiconductor.”

Diverse methods for synthesis of organic semiconductor nanostructures have been
demonstrated and reviewed.” Some of the well-developed techniques for the sysnthesis of
inorganic nanostructures are readily applied to the synthesis of organic semiconductor
nanostructures, which include the templated methods, nanolithography, and physical vapor
transport and deposition. In addition, various other techniques have been employed for the
synthesis of organic nanostructures,’ such as the solution-phase self-assembly approach,
electrospinning, and controlled polymerization. The geometry and dimension of nanostructures

vary with different synthetic routes, and their suitable applications differ as well.



1.3 Organic Solar Cells

Solar cells based on organic semiconductors are attracting increasing attention around the
globe because they have shown great promise as solar-to-electric power conversion devices with
recent power conversion efficiencies (PCEs) approaching 10%.'°'* As an alternative for
conventional solar cells based on inorganic semiconductors, organic solar cells offer advantages
such as low-cost, light-weight, high flexibility, ease of fabrication, and short energy payback
period.””"” For example, the synthesis of organic semicondcutors is usually environmentally
friendly and the devices can be fabricated using solution processing, including simple spin-
coating or inkjet printing methods.
1.3.1 Device Schematics and Characterization

An organic solar cell is usually built layer-by-layer using solution processing or thermal
evaporation.”” A typical structure of organic solar cell is schematically shown in Figure 1.1. A
glass or plastic substrate coated with transparent and conductive indium tin oxide (ITO) is used
as anode. A thin layer of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
is spin-coated on top of ITO from an aqueous solution to improve the surface quality of ITO and
facilitate hole injection from anode to the active layer above. The photoactive layer where the
photoenergy conversion takes place can be deposited by solution-processing or thermal
deposition. The cell is completed by thermal deposition of a cathode composed of a low work
function metal, e.g. Al or Ca. A very thin (~1 nm) underlayer of LiF is usually deposited before
cathode material to reduce the cathode work function,' and protect the surface of active layer
from damage by hot metal ions. Devices with enhanced fill factors and stabilized high open-

circuit voltages are usually obtained with LiF underlayer. '
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Figure 1.1 Schematic illustration of organic solar cells.

The performance of an organic solar cell is evaluated using current (J) — voltage (V)
characterisics obtained under simulated light source with a light intensity of 100 mW/cm” and a
spectral intensity distribution matching that of the AM1.5 solar spectrum.”” Key photovoltaic
parameters, including the open-circuit voltage (V,.), short-circuit current density (Js), fill factor
(FF), are then derived and the power conversion efficiency (PCE, #) is calculated:

n:%:FF x% (Figure 1.2a). The incident photon-to-current efficiency (IPCE) or

external quantum efficiency (EQE) represents the number of electrons collected per absorbed
photon under short-circuit condition, and can provide insight into the factors limiting the

photovoltaic processes (Figure 1.2b). The Ji can also be calculated by integration of the IPCE

spectrum over the AM1.5 solar spectrum.
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Figure 1.2 (a) Typical current density (/) — voltage (}) characteristics of an organic solar cell in
dark and under illumination. (b) IPCE spectrum of an organic solar cell.

Depending on the structure of active layer, organic solar cells can be classified as single-
layer, bilayer, and bulk heterojunction (BHJ) devices (Figure 1.3). The Schottky-type single-
layer solar cell is fabricated by sandwiching an organic semiconductor layer between two metal
electrodes with different work functions, which create a built-in field. The V. of single-layer
solar cells is dependent on the metal electrodes used, and is usually equal to the difference of
electrode work function divided by the basic charge.'” The achieved efficiency is usually very
low (<0.1% PCE) due to low Ji and FF, attributable to inefficient exciton dissociation and
charge generation at the metal/polymer semiconductor interface, and high charge recombination

as indicated by the low external quantum efficiency (EQE).*"*?

The bilayer device, realized by
sequential deposition of p-type and n-type semiconductors with offset energy bands, has shown
increased EQE and PCE.” The improved performance is attributed to the enhanced exciton
dissociation at p/n interface. However, limited by exciton diffusion and interfacial area, only

excitons generated within the exciton diffusion length (5-20 nm) of the p/n heterojunction can

reach the interface and be effectively dissocitated into charge carriers. Loss of photoinduced



excitons results in decrease in photocurrent, and fill factor. PCEs of up to 1.5% have been
observed.”* The bulk heterojunction (BHJ) device,”® in which the active layer is made of a
blend composed of p-type donor and n-type acceptor materials, has been the most effective
architecture in achieving high photovoltaic efficiency and up to 10% PCE has been reported.'®
12142728 The enhanced photovoltaic efficiency in BHJ devices is attributed to the enhanced
exciton dissotiation and charge photogeneration, enabled by a bicontinuous, interpenetrated
donor/acceptor network with microscale phase separation and large interfacial areas. However,

the blend morphology of BHJ films is highly dependent on the device fabrication conditions and

nanoscale control of the morphology is still hard to achieve.

Single Layer

Bilayer
f",\‘g“’; zﬁa Bulk Heterojunction
M\i (BHJ)

Figure 1.3 Schematic illustration of structure of active layer.
1.3.2 Operating Mechanism
Different from inorganic solar cells, organic solar cells belong to excitonic solar cells which,
upon absorption of a photon, generate a mobile excited state (a Coulombically bound electron-
hole pair, called an exciton), rather than a free electron-hole pair as happened in inorganic solar
cells. The solar-to-electrical energy conversion in organic solar cells involves the following
elementary steps and their effects on the photovoltaic efficiency of solar cells are illustrated in

Figure 1.4 and are discussed below in details.
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Figure 1.4 Schematic illustrations of (a) exciton generation and (b) photovoltaic process in bulk
heterojunction (BHJ) organic solar cells.

(1) Light absorption and exciton generation: upon light incidence, photons with energy
larger than the bandgap of organic semiconductors in the active layer are absorbed and bound
electron-hole pairs are generated by exciting electrons from HOMO to LUMO bands. These
excitons are paired by an exciton binding energy of ~0.4-1.0 eV, and have limited, finite lifetime.
Due to the large absorption coefficient of conjugated organic materials (> 1x10° cm™), a thin
film of several hundred nanometers is usually sufficient to absorb all of the photons at absorption
maximum. However, due to the large bandgap in organic semiconductors, only a small region of
the solar spectrum is captured by organic solar cells. For example, the mostly studied polymer
semiconductor, poly(3-hexylthiophene) (P3HT) with a bandgap of 1.9 eV, is able to cover only

30% of solar photons, while silicon with a bandgap of 1.1 eV can capture >70% of these



photons.” Meanwhile, although a film with high thickness is favorable with respect to optical
absorption, increasing the thickness of the film will significantly increase the serial resistance of
solar cells, resulting in decreased photocurrent. Additonally, the low charge carrier mobility in
organic semicondcutors also puts a limitation on the thickness of active layer, and a ~100 nm
thick film is usually found to give the best photovoltaic efficiency.

(2) Exciton diffusion: the photogenerated excitons travel in donor or acceptor phases
through diffusion. The effective width of the area an exciton can travel, called exciton diffusion
length (Lp), is experimentally determined to be in the range of 5-20 nm for various organic

. 15-17,29,30
semiconductors.!> "

Ideally, the characteristic size of donor and acceptor phases
(morphology of the active layer) should be optimized so that all the excitons can be generated
within the exciton diffusion length from the donor/acceptor interfaces. Due to various
recombination processes,””" a portion of the excitons will be lost during diffusion, lowering the
device performance.

(3) Exciton dissociation and charge generation: because of the low relative dielectric
constants (e.g. € = 3 for P3HT),** the electrostatic forces exerted on electron and hole in an
exciton when exposed to an internal field are usually strong enough to break the mutual
attraction within an electron-hole pair, generating free charge carriers. This internal field exists at
the donor/acceptor interfaces, where the intrinsic electronic structures of donor/acceptor
materials differ. The energetic requirements for photoinduced electron transfer in organic solar
cells are empirically represented by the energy offset between the lowest unoccupied molecular

orbitals (LUMOs) between donor and acceptor, and a minimum offset of 0.3 eV is considered

necessary to enable the electron transfer.'® However, a recent study has proven that a LUMO



offset as low as 0.12 eV is sufficient in certain polymeric bulk heterojunction solar cells,” which
indicates the ongoing debate for the energy requirements in excitonic solar cells.

(4) Charge transport: after exciton dissociation and charge formation, holes and electrons
are localized in respective donor and acceptor phases. To generate photocurrent, the free holes
and electrons must be transported through the donor/acceptor phases to anode and cathode of a
solar cell, respectively. Several processes are involved in charge transport in organic
semiconductors, such as conduction along the polymer backbones, hopping between molecular
chains, and tunneling between conducting segments.’* In order to achieve efficient charge
transport, it is highly desirable that connected and continuous donor and acceptor phases be
present in the active layer. In addition, a critical parameter that characterizes how fast a charge
carrier (hole and electron) can move in media is the mobility. Charge carrier mobility can be

336 such as field-effect transistors (FETs),” space-

determined using experimental techniques
charge limited current (SCLC),***® time-of-flight (TOF),*! etc, and achieving high charge carrier
mobility in organic semiconductors is another hot topic in organic electronics. Since there are
two types of charge carriers (electrons and holes) in organic solar cells, a balanced charge
transport is usually required to achieve maximal photovoltaic efficiency.*

(5) Charge collection: Holes and electrons are transported to and collected by the anode and
cathode, respectively. In order to maximize the charge extraction from the active layer,
electrodes with proper work function are required to maintain Ohmic contacts to minimize the
contact resistance. A general rule is that the work functions of cathode and anode need to match
LUMO level of acceptor and HOMO level of donor, respectively. Besides, the modification of

4344

electrodes also affects the solar cell performance, as the work function of electrodes is



varied.” For example, when the work function of the cathode was varied from 5.1 eV to 2.9 eV
using different metals, a 160 mV change in open-circuit voltage was observed.*
1.3.3 Morphology of Organic Solar Cells

Due to the excitonic nature of organic solar cells, morphology plays a critical role in the
optimization of photovoltaic properties, as it dictates the physical interaction between donor and
acceptor phases (Figure 1.4b).*47 It is evident that dramatic enhancement in photovoltaic
efficiency can be achieved when optimized morphology is achieved during device fabrication
process.”” 484 Gerenally speaking, a bicontinuous, percolated donor/acceptor pathway with
nanoscale phase-separation and maximal donor/acceptor interfacial areas for efficient exciton
dissociation and charge transport constitutes an ideal morphology. The scale of phase separation
between donor and acceptor phases must match that of the exciton diffusion length (5 — 20 nm)
to maximize the charge photogeneration. Continuous pathways for donor and acceptor phases are
needed to transport charge carriers (holes and electrons) to respective electrodes (anodes and
cathodes) for charge collection.

Although the idea of optimized nanoscale morphology looks simple, it is nontrivial to
achieve such morphology in bulk heterojunction structured solar cells because various intrinsic
and extrinsic factors can affect the morphology of the BHJ active layer. Intrinsic factors are
properties inherent to the donor/acceptor materials, such as their molecular shape, crystallinity,
and miscibility. Extrinsic factors are related to the processing conditions during device
fabrication. Such factors include the choice of solven‘c,“g’50 blend composi‘[ion,51 concentration,
deposition techniques (spin-coating, doctor blading, inject printing, etc), post-processing
conditions (drying, aging, annealing, etc). *”~> As a result, non-ideal morphology with micron-

sized donor/acceptor phase separation usually forms, causing reduction in photovoltaic
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efficiency. Therefore, there is an urgent need to develop strategies to optimize the nanoscale
morphology in organic solar cells in order to maximize the photovoltaic properties of given
materials.

To manipulate the nanoscale morphology of active layer in BHJ solar cells, several
approaches have been developed and widely used. Such approaches include, but are not limited
to, using thermal/solvent annealing, block copolymers, organic semiconductor nanowires, and

mixed solvent (processing additives).”*

While there are many available techniques, the
applicability is selective and dependent on the materials system, and the detailed processing
conditions also vary in a case-by-case situation.
1.4 Literature Review of Morphology Control in Organic Solar Cells
1.4.1 Thermal/Solvent Annealing

Annealing refers to a process which usually involves heat treatment and slow cooling in
order to remove internal stresses and change the morphology of a material. In organic solar cells,
annealing includes both thermal and solvent annealing and has been extensively studied as an
effective approach to enhance the photovoltaic properties of a given blend. During annealing, the
fast evaporation (thermal annealing) or excessively slow evaporation (solvent annealing) of
solvent leads to favorable microscopic domains of donor/acceptor phases, a dramatic increase in
the crystallinity and the charge carrier mobility.'®

Thermal annealing is typically carried out by heating the active layer of the device on a
hotplate to a temperature higher than the glass transition temperature (T,) of the polymer.?"2#5%
For example, P3HT has a T, of 110 °C and devices made from blends of P3HT:PCBM have been

optimized at a thermal annealing temperature of ~150 °C.>"® The role of thermal annealing has

been found to affect both the polymer chain organization and the PCBM diffusion in the polymer
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matrix which lead to the formation a thermodynamically favorable two-phase morphology.'®
However, thermal annealing at much higher temperature than T, or for extended time periods
will cause deterioration of device performance.’® The negative effect of thermal annealing has
been attributed to the increased level of mixing between polymer and PCBM to a extent that
charge transport will deteriorate.”® Proper selections of temperature and time period of thermal
annealing treatment are the key to achieve optimized device performance in BHJ solar cells.
Solvent annealing, or sometimes refered to as film aging,” facilates the slow-evaporation of

28.,52,60 .
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residual solvent in the blend films to allow better organization of the blend films.
usually performed by leaving the just-spun device in a covered Petri dish for a desired period of
time. During solvent annealing, not only the polymer side chain will reorganize, but also the
PCBM molecules will diffuse to the top of the active layer with the evaporation of solvent.”'
Studies of the solvent annealing effect on the morphology of P3HT:PCBM blend devices showed
that a solvent annealing time of 1 min is enough to achive optimal ordering of P3HT and PCBM
in the blend films.”> We note that although thermal annealing and solvent annealing are usually
conducted in different ways, it has been proposed that these techniques all result in a common
arrangement of the blend components by controlling the vertical and lateral phase separation of
donor/acceptor phases.”’ Similar optimized power conversion efficiency (4-5%) has been
reported in devices treated with either annealing technique.®!
1.4.2 Block Copolymer Semiconductors

Block copolymers have been well known for their ability to achieve versertile

62-65
nanostructures.

By covalently incorporating blocks with different properties into one
polymeric material and controlling the thermodynamic parameters, the interaction between these

blocks can be tuned to drive for different microscale phase separations. A block copolymer with
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two different blocks, refered to as a diblock copolymer, has been observed to form body-centered
cubic spheres, hexagonally packed cylinders, and lamellae morphology. A vast variety of
morphologies can be obtained for block copolymers with more than two blocks.

The use of block copolymer semiconductors in solar cells has been exploited in two
different directions. (1) Block copolymer semiconductors are used as active materials in organic
solar cells. For example, by incorporating blocks with donor and acceptor moieties into a donor-
acceptor-type block copolymer, the single photoactive material can be used to replace the
polymer/polymer or polymer/fullerene blends in the fabrication of BHI solar cells.”*®" The
advantage of this approach is that the nanoscale morphology in the active layer can be fine tuned
at the nanoscale, but the power conversion efficiency achieved to date is still low. (2) Block
copolymers are used as compatibilizers to stabilize the nanoscale morphology in
polymer/fullerene blend films of BHI solar cells.®® For example, using a compatibilizer of P3HT-
b-poly(fullerene) block copolymer, the photovoltaic properties of P3HT:fullerene blend solar
cells were enhanced. The role of the block copolymer compatibilizer was demonstrated to
attenuate, or even prevent, the large scale phase separation by lowering the interfacial energy
between polymer and fullerene. Along the two lines, various block copolymer semiconductors
have been demonstrated in enhancing the photovoltaic properties of organic solar cells; however,
a systematic understanding of how the molecular structure/block ratios of block copolymer
semiconductors affects the nanomorphology of the active layer and thus the photovoltaic
properties of solar cells is still missing.

1.4.3 Self-Assembled Nanostructures
Self-assembly of organic semiconductors has been extensively researched because of their

unique, well-defined 1D nanostructures, high crystallinity, and high charge carrier mobility.” The
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self-assembly of organic semiconductor nanowires is usually driven by efficient n-n stacking
between polymer backbones. In the case of poly(3-alkylthiophene)s (P3ATs), stacking of =-
electrons forms the nanowire axis along the (010) direction, and interdigitation of side-chains
along the (100) direction forms the height of nanowires. Polymer backbones usually fold to
accommodate for the width of the nanowires. Self-assembled polymer semiconductor nanowires,
as exemplified by P3BT*** and P3HT,” have been effective in enhancing the photovoltaic
efficiency of organic solar cells. For example, P3BT nanowires with ~15 nm width and several
um length are blended with PCBM to form the nanowire-BHJ blend films. The dimension of
nanowires matches the exciton diffusion length (~5-20 nm) required for efficient exciton
dissociation and charge transport."” In addition, these nanowires are highly crystalline, and their
morphology can be retained in the blend films during spin-coating, which enabled rational
control of blend morphology. As a result, photovoltaic efficiency of 3% PCE was achieved in
P3BT-nw:PCBM BHIJ solar cells, representing a factor of at least three in enhancement
compared with 0.5-1% PCE obtained in non-nanowire BHJ blend films. However, the effect of
nanowire dimension on the photovoltaic properties of polymer nanowire/fullerene BHJ solar
cells is still not fully understood. Furthermore, the use of self-assembled small molecule
semiconductor nanostructures in organic BHJ solar cells is yet to be well developed and studied.
1.4.4 Processing Additive Approach

The use of processing additives has been demonstrated to be effective in many fullerene-
based BHJ blends, including P3HT/PCBM,”""* and low bandgap polymers/PCBM.”'*" In the
case of P3BHT/PCBM blends, the processing additive appears to enhance the photoresponsivity in
the blend films, increase the hole mobility by two orders of magnitude,”” and increase the

crystallinity of the P3HT phase as indicated by the increased number and size of P3HT
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crystalline domains in the blend films.”""

The underlying mechanism originated from the
relatively lower solubility of PCBM in processing additive than in host solvent which facilitated
PCBM aggregation to make room for P3HT crystallization.”' In the case of low bandgap
polymers/PCBM blends, the enhancement in photovoltaic properties is attributed to the increased
charge carrier generation efficiency as a result of the formation of a bicontinuous, interpercolated

nanomorphology.”*”

However, the use of processing additives has not been investigated in the
optimization of non-fullerene polymer solar cells.
1.5 Major Challenges

Although significant achievements (up to ~10%) have been made in enhancing the power
conversion efficiency of organic solar cells, there are still many remaining challenges in the
field. More specifically, several major challenges to tackle include increasing the power
conversion efficiency, rational control of the nanoscale morphology of the BHJ active layer, and
assembly of organic semiconductor nanowires with novel properties and applications.

The power conversion efficiency of the most efficient organic solar cells is still much lower
compared with that of their inorganic counterparts based on crystalline silicon (over 20% PCE).”®
To further increase the efficiency of organic solar cells, new materials, device architecture, and
processing methods are absolutely necessary. Among these new approaches, the key of
optimization of device performance to a given material is how to rationally control the nanoscale
morphology of the active layer to achieve an optimal bicontinuous, percolated network for
efficient exciton generation and dissociation. This requires a good understanding of the physical

interaction of donor-acceptor in the blend films and the development of universal approaches to

fine-tune the interactions to optimize their morphology towards high photovoltaic efficiency.
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7 -Conjugated organic semiconductors as molecular building blocks for the assembly of

functional 1D nanostructures (nanorods, nanowires, etc) are of special interest because of their
various novel electronic and optoelectronic properties emerged with tunable nanostructures.
However, only a small number of conjugated polymers and small molecules have been
investigated as nanowires, most notably poly(3-alkylthiophene)s and perylene diimides.
Considering the potential for enhanced performance of organic semiconductor nanowire-based
organic electronics (e.g., field-effect transistors, solar cells), it is necessary that nanowires from
other existing p-type and n-type conjugated molecules be made and studied. The use of
nanowires of novel conjugated molecules can ultimately result in an increase in the photovoltaic
efficiency of given materials and clarify the nanostructure — photovoltaic property relationship in
organic solar cells.
1.6 Research Objectives and Significance
The primary goal of this research is to optimize the photovoltaic properties of various

organic semiconductors by synthesizing and controlling their nanostructures in BHJ solar cells.
The objectives of this research focus on addressing several current issues in the field.
1. Synthesize, characterize and control the morphology of organic semiconductor

nanostructures;
2. Understand morphology — photovoltaic property relationship in organic BHJ solar cells;
3. Develop efficient nanostructured organic BHJ solar cells.

The synthesis and control of nanostructures of organic semiconductors includes the use of
block copolymers, self-assembled nanostructures, processing additive approach, and all-polymer
blends. The obtained nanostructures will be characterized by various techniques, such as

microscope (TEM, AFM, STEM) and spectroscope (UV-vis, XRD), to reveal their
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morphological and optical properties. These organic semiconductor nanostructures will then be
used in the construction of bulk heterojunction solar cells and their charge transport and
photovoltaic properties will be studied. The relationship between the morphology of
nanostructures and their photovoltaic properties will be investigated, and the obtained knowledge
will be applied towards the optimization of the photovoltaic properties of organic
semiconductors by tuning the morphology of their nanostructures. Nanostructures from a variety
of organic semiconductors, including small molecules and polymers, will be studied, and results
from this study will help us better understand how the nanostructures affect the photovoltaic
properties of organic semiconductors, and eventually, lead a way to enhance the photovoltaic

properties of organic solar cells by rationally controlling the nanostructures in the active layer.
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Chapter 2 Solar Cells Based on Block Copolymer Semiconductor
Nanostructures

2.1  Bulk Heterojunction Solar Cells Based on Block Copolymer Semiconductors:
Effects of Block Composition
2.1.1 Introduction

Polymer solar cells are of world-wide research interest due to their potential as low-cost and
easy-to-fabricate solar energy-to-electric power conversion devices.''” Bulk heterojunction (BHJ)
devices, * in which a donor polymer is blended with a fullerene derivative or other acceptor
material, have emerged as the most efficient polymer solar cells to date. Among donor polymers
in fullerene-based BHJ solar cells, regioregular poly(3-hexylthiophene) (P3HT) has been the
most widely investigated and has resulted in some of the highest power conversion efficiencies
(3 - 5 % PCE)." ' However, BHJ solar cells similarly made from related regioregular
poly(3-alkylthiophene)s (P3ATs), such as poly(3-butylthiophene) (P3BT), poly(3-octylthiophene)
(P30T), and poly(3-decylthiophene) (P3DT), have very poor efficiencies (< 0.5 — 1 % PCE)."?
Although recent efforts, such as nanowire-based BHJ solar cells'® and extensive materials
processing and device optimization,'’ have pushed the power conversion efficiency above 3.0 %
for P3BT-based BHIJ solar cells, the inferior photovoltaic properties of other P3ATs compared to
P3HT remain to be fully explored and addressed. In addition to the greatly reduced photovoltaic
properties of P3ATs with alkyl chain length greater or shorter than hexyl, the intrinsic carrier
mobility of thin films of P3ATs is known to similarly vary with alkyl chain length.** Although
not fully understood, the underlying mechanism for this large dependence of the photovoltaic

and charge transport properties of P3ATs on alkyl chain length appears to include differences in
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solubility, self-assembly/crystallization and molecular packing of chains, dilution effect of the
insulating alkyl chain on m-electron density, and the absorption spectra and coefficients. Of
major current interest in the field is the development of new approaches that can improve the
BHJ materials and associated solar cells.

In the search of novel materials for improving the performance of polymer photovoltaic
devices, block copolymers have recently attracted interest because of their intrinsic ability to

form nanoscale domains by self-assembly.?'*

Block copolymers have been explored in the
fabrication of solar cells along three directions. First, BHJ devices free of fullerene have been
made from diblock copolymers that incorporate electronically active donor and acceptor blocks;
this is exemplified by poly(4-vinyltriphenylamine)-b-poly(perylene bisimide acrylate) from
which an efficiency of 0.07 % PCE was achieved.***> Another example along this line is the
diblock copolymer poly(3-hexylthiophene-b-perylene diimide) from which a 0.49 % PCE was
observed.”® Second, diblock copolymers have been used as compatibilizers to stabilize the
nanoscale morphology of poly(3-hexylthiophene) (P3HT)/fullerene and P3HT/perylene diimide
blends. The nanoscale morphology and overall performance of P3HT:PCqBM and
P3HT:perylene diimide BHJ solar cells were improved by using a P3HT-b-poly(fullerene)
diblock’”” and a P3HT-b-poly(perylene diimide) diblock,”® respectively. Third, diblock
copolymers have been used as templates to fabricate devices with a 3D-bicontinuous

29-31

morphology. This is exemplified by the use of poly(4-fluorostyrene)-b-poly(D, L-lactide) as

a bicontinuous gyroid network template to fabricate titania-based dye-sensitized solar cells.”*°
In this chapter, we report an alternative block copolymer strategy towards improvement of

BHIJ polymer solar cells. By using a crystalline-crystalline diblock copoly(3-alkylthiophene) as

the donor component in fullerene-based BHJ polymer solar cells, we have found a strong
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dependence of device performance on block composition and observed a substantial
enhancement of the photovoltaic properties compared to those of the parent homopolymers. BHJ
solar cells fabricated from blends of diblock poly(3-butylthiophene)-b-poly(3-octylthiophene)
with fullerene (PC7;BM) were found to have efficiency of up to 3.0 % PCE, which represents
factors of 1.6 — 9 improvements in the efficiencies of the homopolymer (P3BT:PC7BM and
P30OT:PC;;BM) devices. Our results demonstrate that by virtue of the unique capability of block
copolymers to integrate multiple or even conflicting functionalities (e.g. solubility, self-assembly,
interlayer/intermolecular distances, etc) into one polymeric material, they offer a promising
approach to advanced materials for polymer solar cells.

The molecular structures of the diblock copoly(3-alkylthiophene)s, poly(3-butylthiophene)-
b-poly(3-octylthiophene) (P3BT-b-P30T, denoted as BOx, where x is the mol % of the P3BT
block), the two parent homopolymers (P3OT and P3BT), and [6,6]-phenyl C7;-butyric acid
methyl ester (PC7,BM) are shown in Scheme 2.1. The diblock copolymer P3BT-6-P30OT by
design carries one block (P3BT) with short insulating butyl side groups and thus poor solubility,
enhanced self-assembly and efficient n-stacking of chains and the other block (P30T) has good
solubility, retarded self-assembly and n-stacking of chains, and long insulating octyl side groups.
We seek to use the different side chains incorporated into the diblock P3BT-b-P3OT to balance
and optimize the solubility, self-assembly and m-stacking, effects of the insulating side groups
and thus the electronic and optoelectronic properties. Our studies included the optical and charge
transport properties, fabrication and evaluation of BHJ solar cells, and investigation of the

morphology of binary blends of PC7;BM with each diblock copolymer BOx.
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P30T (BOO), n :m=0:1
BO17,n: m=17:83
BO2O,n: m=26:.71
BOS5O, n: m=50: 50

n m BO76,n:m=76:24
BO90, n: m=90:10
P3BT (BO100), n . m=1:0

P3BT-b- P30T

Scheme 2.1 Structures of the diblock copolythiophenes, P3BT-b-P30T (denoted BOx), and
PC;BM.

2.1.2 Experimental Section

2.1.2.1 Materials. Samples of P3BT (M,, = 107 900 g/mol, PDI = 3.61) and PC7,BM (> 99.0 %)
were obtained from American Dye Sources Inc. (Quebec, Canada). The as-received P3BT
sample was subjected to Soxhlet extraction by hexane, dichloromethane, tetrahydrofuran (THF),
and then chloroform. The THF-soluble fraction denoted P3BT-1 was collected and precipitated
into methanol. The P3BT-1 sample had a M, of 13 900 g/mol and a PDI of 1.07 as characterized
by GPC. A sample of P30T (M, = 330 000 g/mol, PDI = 1.37) was synthesized using
Ni(dppe)Cl, as catalyst, following the literature method.”®> A lower molecular weight sample of
P30T (denoted P30T-1) was also synthesized by the literature method using Ni(dppe)Cl, as
catalyst.”® The resulting purple solid (P30T-1) was purified by Soxhlet extraction using
methanol, acetone, hexane, and finally dichloromethane. The P30OT-1 sample (dichloromethane-
soluble fraction) precipitated into methanol and dried had a M, of 21 600 g/mol with a PDI of
2.21 as characterized by GPC. The synthesis of some of the diblock P3BT-H-P30T samples
(BO50, BO76) by quasi-living polymerization was previously reported.** The synthesis of BO17,
B029, and BO90 was carried out using the same reagents and conditions.’*** In the diblock

copolymer P3BT-H-P30T , denoted BOx (x = 17, 29, 50, 76, and 90), the composition variable x
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is the percent mole fraction of P3BT segment in the diblock copolythiophene. BO17, BO29, and
BO90 were similarly characterized by GPC (120 °C, eluent: 1,2,4-trichlorobenzene).” BO17: M,
=17 400, PDI = 1.76; BO29: M, = 33 800, PDI = 1.62; BO90: M, = 15 800, PDI = 2.84. The
series of BOx copolymers all have a comparable M, in the range of 11 400 - 17 400,**
corresponding to about 75-110 thiophene units in the main chains, except BO29 which has about
a factor of 2 higher molecular weight.

Blend (1:1, wt:wt) solutions of BOx, P3OT or P3BT with PC;;BM were prepared by
dissolving and stirring them together in N>-degassed ortho-dichlorobenzene (ODCB, Aldrich)
until complete dissolution. For P30T, BO17, BO29 and BO50, 40 mg mL™" blend solutions were
prepared at room temperature; for BO76, BO90 and P3BT, 40, 30 and 30 mg mL™ blend
solutions were prepared at 80 'C. All the blend solutions were passed through a 0.45 pm filter
except P3BT (1.0 um filter).
2.1.2.2 Device Fabrication and Characterization. Solar cells used for photovoltaic and
incident photon-to-current efficiency (IPCE) measurements were prepared on ITO-coated glass
(10 @/o, Shanghai B. Tree Tech, China). The substrates were cleaned sequentially with acetone,
deionized water and isopropyl alcohol in an ultrasonic bath. A 50 nm PEDOT:PSS (Baytron P
VP AI 4083) layer was spin-coated on top of ITO and dried at 150 "C for 10 min under vacuum.
Each blend was spin-coated on top of the PEDOT:PSS layer for 30 s in a glovebox to make the
active polymer blend layer of 80 — 110 nm. The devices were treated under one of three
conditions: dried at 60 C in vacuum for 2 h (condition 1), or aged in a Petri dish for 5 min
(condition 2) or 30 min (condition 3) followed by drying at (110 +10) °C on a hot plate for 5 min.
The devices were loaded in a thermal evaporator (BOC Edwards, 306), where a cathode

consisting of 1.0 nm LiF and 80 nm Al was deposited through a shadow mask under high
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vacuum (8x107 torr) to produce 5 solar cells with an active area of 3.57 mm?” each, per substrate.
Space-charge limited current (SCLC) devices were fabricated in a similar way, except that Au
electrode was deposited instead of LiF/Al, to facilitate hole-only injection and transport. The
current density — voltage (J-V) curves of both solar cells and SCLC devices were measured using
a HP4155A semiconductor parameter analyzer under laboratory ambient air condition.’® AM1.5
illumination at 100 mW/cm® was provided by a filtered Xe lamp and calibrated by using an
NREL-calibrated Si diode.*® Incident photon-to-current efficiency (IPCE) measurement was
done by using an Oriel xenon lamp (450 W) with an Oriel Cornerstone 130 1/8 m
monochrometer. The signal was measured with a calibrated standard silicon solar cell and KG5
filter which was calibrated at NREL using a SR830 DSP lock-in amplifier at a chopping
frequency of 400 Hz. SCLC characteristics were measured on the devices processed under
condition 2 in dark condition. The zero-field SCLC hole mobility was obtained by using

nonlinear least-square fitting of the J-J data according to the Mott-Gurney equation (Equation 1):

9 y? 0.89
J== e exp 2 ) [1]

JL

where J is the current density, V' is the applied voltage, L is the active layer thickness, u is the
mobility, ¢ is the relative permittivity, & is the permittivity of free space, and f is the field-
activation factor.”’

2.1.2.3 Characterization of Morphology. X-ray diffraction (XRD) was performed on the actual
solar cells, whose photovoltaic properties are reported, using a Bruker F8 Focus Powder X-ray
Diffractometer with Cu K, beam (40kV, 40 mA; A = 0.15418 nm). Atomic force microscopy
(AFM) imaging was performed on the same solar cell devices by using a Dimension 3100 SPM
(Veeco) instrument operating in tapping mode. Thin films of the active layers were obtained by

scratching edges of the thin films, soaking with water, and peeling them off from the device
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substrates, and they were then supported on TEM grids (Electron Microscopy Sciences) for
bright-field transmission electron microscopy (BF-TEM) imaging. An FEI Tecnai G* F20 TEM
at 200 kV was employed, with a 0.031 mm” aperture for selected area electron diffraction
(SAED). TEM images were acquired with a CCD camera and recorded with Gatan
DigitalMicrograph™ software. SAED for PC7,BM was obtained from a film drop-casted from
ODCB solution. UV-vis absorption spectra were recorded with a Perkin-Elmer model Lambda
900 UV/vis/near-IR spectrophotometer on the blend films spin-coated on top of PEDOT/ITO
substrates, following the same drying conditions as the solar cells.
2.1.3 Results and Discussion

The absorption spectra of the BOx:PC7;BM blend thin films and those of P3BT:PC;;BM
and P30T:PC7BM are shown in Figure 2.1. The lineshape of the spectra, absorption maxima,
and absorption coefficients of the diblock copolymer blends are seen to vary slightly with the
block composition. P30T and P3BT blend thin films have absorption maxima at 513 nm and 462
nm, respectively. The absorption spectrum of P3BT:PC7;BM blend thin films is similar to that
previously reported based for P3BT:PCBM blends,'? but is significantly blue shifted compared to
that reported for self-assembled P3BT nanowires."® The blue shift and less structure in the
spectrum of P3BT are likely a result of the high polydispersity (PDI = 3.61) of this sample and
its poor assembly into highly crystalline domains within the P3BT:PC;BM blend. The
absorption maxima of the BOx:PC7,BM blends all fall between those of P30T and P3BT.
Enhanced absorption in the 550 — 650 nm region with vibronic shoulders at 560 and 600 nm,
indicative of improved interchain m-stacking and crystalline domains in some of the BOx phase
are observed (Figure 2.1).*® The peak absorption coefficients are in the range of 3.8 x 10* — 6.0 x

10* cm™ for BOx:PC7,BM blend thin films with x = 50 — 90 mol % P3BT, which are larger than
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the peak absorption coefficient of P3OT:PC7,BM blend. The higher peak absorption coefficients
of blend thin films of some of the diblock copolymers, compared to those of the homopolymers,
in some spectra regions suggest enhanced harvesting of the solar spectrum in BHJ devices. The
enhanced absorption coefficient in some of the diblock copolymers can be understood in terms of

a higher degree of crystallinity in those samples.
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Figure 2.1 Absorption spectra of BOx:PC7BM (1:1, wt:wt) blend thin films dried at 60 Cin
vacuum.

The photovoltaic properties of BHJ solar cells using the diblock copolythiophenes as the
donor component and PC7;BM as the acceptor were investigated in comparison with those of the
parent homopolymer (P3BT and P30OT) solar cells. The BHJ devices were of the basic structure
ITO/PEDOT:PSS/active layer/LiF/Al, where the active layer is a BOx:PC;BM or a
P30OT:PC7;BM or a P3BT:PC;;BM blend thin film. All the solar cells were characterized under
AM1.5 solar irradiation at 1 sun (100 mW/cm?) in ambient air. The current density (J) — voltage
(V) curves for BO50:PC7,BM blend thin film solar cells processed under three conditions are
shown in Figure 2.2a. A slight improvement in the photocurrent and overall device efficiency

was observed by going from vacuum drying of the blend thin films at 60 "C (condition 1) to film
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aging and thermal annealing (conditions 2 and 3). The photovoltaic parameters derived from

Figure 2.2a and similar plots for BOx:PC7;;BM blend devices, including the short-circuit current

density (Js), the open circuit voltage (V,.), the fill factors (FF), and the maximum PCE for each

polymer are summarized in Table 2.1. The observed open circuit voltage (0.56 — 0.65 V) in solar
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Figure 2.2 (a) Current density — voltage characteristics of BO50:PC7,BM solar cells processed at
different conditions: Condition 1, dried at 60 Cin vacuum; Condition 2, 5 min film aging in a
Petri dish and 5 min thermal annealing at 110 'C; Condition 3, 30 min film aging in a Petri dish
and 5 min thermal annealing at 110 "C. (b) Compositional dependence of the highest efficiency
of solar cells with BOy active layers. The trend line is drawn as a guide to eye. The PCE of
P3BT-1 and P30OT-1 devices are indicated by open square (0O).

Table 2.1 Summary of charge transport and photovoltaic properties of BOx:PC7;BM blend thin

films.

BOx:PC;BM Jee V. FF PCE

[1:1wtwt]  [em® V's'][a] [mAcm?] [V] [%]

P30T 3.64 x 107 5.81 0.66 0.48 1.84[a]
P30T-1 231x10® 1.58 0.65 0.33 0.33 [a]
BO17 1.53x 107 7.05 0.65 0.49 2.23[a]
BO29 238 x 10™ 7.06 0.62 0.52 2.28[a]
BO50 2.50 x 10™ 8.09 0.59 0.63 3.00 [b]
BO76 8.04 x 107 7.41 0.61 0.57 2.55[b]
BO9Y0 2.76 x 10™ 7.90 0.56 0.63 2.76 [b]
P3BT 532x10° 2.24 0.54 0.45 0.54[b]
P3BT-1 1.15 x 107 491 0.64 0.57 1.77 [b]

Processing conditions: [a] Condition 2; [b] Condition 3. Spin coated thin films of BOx:PC7;BM

(1:1, wt:wt) blends had thickness in the 80 to 110 nm range.
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cells incorporating the series of block copolymers are comparable to those of the homopolymers,
P3BT (0.54 V) and P30T (0.66 V). However, there is a significant increase of both the
photocurrent and fill factor of the block copolymer devices compared to those of either P3BT or
P30T. Indeed, these improvements in Js, and FF translate to a large enhancement in the power
conversion efficiency (PCE) of the BOx:PC7,BM solar cells compared to the two homopolymers
as shown in Figure 2.2b. The strong nonlinear dependence of solar cell efficiency (PCE) on
block composition, showing enhancement relative to the homopolymers, suggest that the block
composition could be an attractive variable for optimization of polymer solar cells. Among the
block copolymer solar cells, BO50:PC7;BM devices have the highest efficiency of 3.0 % PCE
and this represents factors of 6 and 1.6 enhancement relative to P3BT and P30T homopolymers,
respectively. The 1.84 % PCE obtained for P30OT:PC;;BM blends is the highest reported to date
for P30T-based solar cells; it is higher than 0.91 % PCE previously reported for this polymer.12
In the case of the P3BT homopolymer, our observed 0.54 % PCE is higher than 0.27 % PCE
reported earlier by others'? for similar BHJ (P3BT:PCBM) devices. BHJ devices made from
P30OT-1 homopolymer, whose molecular weight is comparable to those of the block
copolythiophenes, gave an efficiency of 0.33 % PCE. This photovoltaic efficiency is
significantly lower for the low molecular weight P30OT-1 compared to its higher molecular
weight P3OT. In the case of P3BT-1, whose M, value is also in the range of those of the BOx
block copolymers, the photovoltaic efficiency of P3BT-1:PC7;;BM devices was 1.77 % PCE
which is significantly higher than that of its higher molecular weight P3BT (0.54 %) or literature
values (0.27 %)'*. Thus, the highest efficiency of 3.0 % PCE seen in solar cells based on one of
the BOx block copolythiophenes represents a factor of 1.6-9.1 enhancement compared to P30T

homopolymer and a factor of 1.7 — 5.6 enhancement compared to P3BT homopolymer. We note
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that the efficiency (3.0 % PCE) observed for BO50:PC;BM is also in the range of those
observed for P3HT/fullerene BHJ solar cells"*'*'" and is comparable to those reported for the
best P3BT nanowire-based devices.'® "

The photoaction or incident photon-to-current efficiency (IPCE) spectrum of the
BO50:PC7;BM blend solar cell is shown in Figure 2.3. The photoresponse of this BHJ diode
turns on at about 730 nm and peaks at ~490 nm, giving a maximum IPCE of 67 %

electrons/photon. It is interesting that this IPCE value is very close to those reported for

P3HT/fullerene BHJ solar cells.*”*°
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Figure 2.3 IPCE spectrum of a BO50:PC7;BM (1:1) device prepared by condition 3 above.

To better understand the photovoltaic properties of these diblock copolythiophenes
compared with their parent homopolymers, we studied the surface and bulk morphologies of the
blend thin films by atomic force microscopy (AFM) and transmission electron microscopy
(TEM). The AFM phase images of BOx:PC7BM (x =0, 17, 29, 50, 76, 90 and 100) blend thin

films are shown in Figure 2.4. Nanoscale mixing between BOx and PC; BM is seen in the
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surface morphology of the blend thin films with x = 0 and 50 — 100, and small PC7;BM domains
are distributed among the polymer matrices. In the case of BO17:PC;;BM and BO29:PC;;BM

blend thin films, macrophase separation was visually observed immediately after spin-coating.

Figure 2.4 AFM phase images of BOx:PC7BM blend thin films. The thin films were prepared
by 5 min film aging in a Petri dish and 5 min thermal annealing at 110 C (condition 2).

»BO1T

F
T

Figure 2.5 TEM images (inset: SAED pattern) of BOx:PC7;BM blend thin films. The thin films
were prepared by 5Smin film aging in a Petri dish and 5 min thermal annealing at 110 C
(condition 2).
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This phase separation is also evidenced by the distinct two phases identified in BO17:PC7;,BM
blend thin film (Figure 2.4b) and the two different surface morphologies seen in BO29:PC;;BM
(Figure 2.4c). Bright-field TEM imaging of the BOx:PC7;;BM blend thin films under a slightly
defocused condition provided good phase contrast between polymer and PC;;BM domains, as
exemplified by the micrographs shown in Figure 2.5. A network of fibrilar nanostructures
observed in all the BOx:PC7;BM blend thin films is characteristic of the polymer domains while
the PC;;BM domains are distributed around the polymer networks. The width of these
nanostructures is about 11 - 18 nm in all the BOx:PC7;BM blend thin films, but the length of the
nanowires varies, for example, 500 - 2500 nm in BO50:PC;;BM. These polymer nanostructures
are reminiscent of those formed by solution-phase self-assembly of P3BT or BO50."% 34! The
interpenetrating, quasi-bicontinuous, polymer/fullerene network revealed by TEM imaging of
BOx:PC7;BM blend thin films clearly facilitates charge carrier photogeneration and transport.
Selected area electron diffraction (SAED) was performed on the same BOx:PC7,BM blend
thin films used for TEM imaging to obtain a measure of their crystallinity. The SAED pattern of
pure PC7BM film acquired as a reference (Figure 2.6) showed two distinct Debye-Scherrer
diffraction rings, corresponding to d-spacings of 0.49 and 0.33 nm.**** The SAED patterns of
the BOx:PC7BM blend thin films are shown in the insets of Figure 2.5. The diffraction peaks
around ¢ = 2.5 — 2.9 nm™ in reciprocal space agree with the (020) reflections of P3AT crystals
with random orientations, indicating that the n-n stacking distances are within the range of 0.35 —
0.40 nm and in good agreement with a previously reported value of 0.38 nm.** ** The peaks
around ¢ = 1.99 —2.23 nm™ are due to the diffraction of PC7BM, with a d-spacing around 0.45 —
0.50 nm.*** These SAED results mean that the block copolymers form crystalline domains in

the blend thin films, and that the PC;BM aggregates observed in AFM and TEM are
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nanocrystallites. The formation of crystalline donor and acceptor phases in the blend thin films is

important for charge transport.
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Figure 2.6 (a) TEM image of a PC;;BM aggregate and the corresponding SAED; (b) 1-D plot of
SAED.

The crystallinity and molecular packing of the BOx:PC7BM thin films were further
confirmed by X-ray diffraction (XRD) conducted on the same solar cells as characterized in
Figures 2.2 and 2.3 and the XRD spectra are shown in Figure 2.7. In P3OT:PC;;BM and
P3BT:PC71BM blends, interchain spacings (djp0) of 1.91 nm and 1.24 nm were observed,
respectively. In the case of the BOx:PC7;,BM blends, they are expected to show two distinct
crystalline domains with different d-spacings, due to the different interlayer distances of dpsor
and dP3BT.34 However, except for BO50 in which two distinct reflections at 1.95 nm (dpsor) and
1.46 nm (dpspt) With nearly equal relative intensities were detected, only the dominant reflection
was revealed in the other BOx blends. This observation can be understood considering the small
film thickness (80 — 110 nm) and the varying copolymer composition. The dpsor values seen in
BO17 and BO29 are 2.22 nm and 2.14 nm, while the dpsgt values observed in BO76 and BO90
are 1.43 nm and 1.24 nm, respectively. Compared with P30T, the larger dp3or values in BO17
and BO29 indicate that molecular packing of these two block copolymers is significantly

modified by PC7;;BM. All the other BOx show decreased interlayer distances in the P30T
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domains and increased interlayer distances in the P3BT domains.* The average interlayer
distance in BO50 is 1.71 nm, which is close to that of P3HT (1.65 nm)."* This interlayer distance
seems to yield the best photovoltaic properties of solar cells based on P3AT:fullerene binary
blends, since it maintains a reasonable polymer/fullerene phase separation, while maximizing the

volume density of light absorbing backbone which leads to a higher photocurrent.
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Figure 2.7 XRD spectra of BOx:PC7;BM blend films obtained directly from the solar cell
devices.

To gain insights into charge transport in the block copolythiophene solar cells, we used the
space charge limited current (SCLC) method to evaluate the mobility of holes using
ITO/PEDOT:PSS/active layer/Au as the hole-only devices. Figure 2.8a shows the dark-current
density (J) - voltage (V) characteristics of these BOx:PC7;BM devices and these data were
analyzed by using the Mott-Gurney equation’’ and prior procedures.41 The zero-field mobility
(un) of holes in BOx:PC7BM blends are summarized in Table 2.1. The hole mobility varies from
23 x10% em® V' s7'in P3OT-1:PC7;BM to 2.8 x 10 cm® V' 5™ in BO90:PC7,BM (Table 2.1).
The block compositional dependence of the SCLC hole mobility, u(x), in BOx:PC7;BM blend

films is shown in Figure 6b. We note that the hole mobility of both homopolymers and
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homopolymer/PCBM blends varies significantly with molecular weight. Compared with the
P30T and P3BT homopolymers, almost all of the diblock copolymers show enhanced hole
transport (Figure 2.8). The u, values for BO29, BO50 and BO90 blend thin films are orders of
magnitude higher than those of P30T and P3BT, respectively. The enhanced charge transport in
the block copolythiophene/fullerene blends can be understood in terms of the facile self-

assembly of highly crystalline nanostructures in the spin-coated thin films (Figure 2.4 and 2.5) as

observed by TEM/SAED and XRD.
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Figure 2.8 (a) The dark current density — voltage (J-V) characteristics of

ITO/PEDOT:PSS/BOx:PC7,BM/Au for SCLC measurement of mobility and model fitting of the
data. (b) Block compositional dependence of SCLC hole mobility of BOx:PC7,BM blend thin
films. The trend line is drawn as a guide to eye. The SCLC hole mobility of P3BT-1:PC7;,BM
and P30T-1:PC7BM blends are indicated by open square (D).

The SCLC mobility of holes in pure BOx thin films was also measured for comparison with
the BOx:PC;;BM BHJ films. Figure 2.9a shows the J — JV characteristics of the
ITO/PEDOT:PSS/BOx/Au devices and the SCLC hole mobility is plotted as a function of block
composition (Mol % P3BT) in Figure 2.9b. The block composition dependence of hole mobility
observed in BOx thin films is very similar to that seen in the BHJ BOx:PC7;BM blends. Most of

the block copolymers have SCLC hole mobilities that are comparable for both blend thin films
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and the pure BOx thin films. The lower hole mobility in BO17:PC;;BM thin films, compared to
the other BOx diblock copolymers and pure BO17 thin films, is an anomaly due to macrophase
separation between BO17 and PC7;;BM. Overall, the SCLC hole mobility of the block
copolymers (BO29, BO50 and BO90) is comparable with that reported for annealed
P3HT:PC¢;BM (1:1) blend films exhibiting high photovoltaic efficiencies, which is 2 x 10™* cm?
V' 1% The observed dependence of carrier mobility on block composition (Figure 2.9b) is
remarkably similar to the previously discussed dependence of the power conversion efficiency of
solar cells on block copolymer composition. This suggests that enhanced charge transport is a
major contribution to the observed improvement in the efficiency of BHJ solar cells based on the

diblock copolythiophenes.

105 L L L L L L
.
103 [ 1
10 [ 1 1
2 b
10 [ 1
O 101'[ 1 1
E 1°F - o P30T 45 nm
7T . o BO1734nm |
R BO29 43 nm 1 1
10°f v BO5065nm 1§
10-3‘[ BO76 63 nm 4 1
10k < BO90 61 nm
-5! N . N . N . 2 PSB.T 7,2 nr.n ] 10-3 PR 1 N N N N . N . N
10 0 1 2 3 4 5 0 20 40 60 80 100
V (V) Mol %P3BT Block
Figure 29 (a) The dark current densit — voltage (J- characteristics of
g y g

ITO/PEDOT:PSS/BOx/Au for SCLC measurement of mobility and model fitting of the data. (b)
Block compositional dependence of the SCLC mobility of holes in pure block copolymer (BOx)
thin films. The trend line is drawn as a guide to eye. The SCLC hole mobility of P3BT-1 and
P3OT-1 thin films are indicated by open square (0).
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2.1.4 Conclusions

We have investigated the photovoltaic and charge transport properties and morphology of
bulk heterojunction solar cells based on a series of diblock copoly(3-alkylthiophene)s. Our
results have showed that crystalline block copoly(3-alkylthiophene)s have substantially enhanced
photovoltaic properties compared to the parent homopolymers. AFM and TEM imaging in
conjunction with XRD/SAED showed that the P3BT-b-P30T/PC;;BM blends had an
interpenetrating morphology with crystalline polymer domains (11 — 18 nm). Studies of BHJ
solar cells based on poly(3-butylthiophene)-b-poly(3-octylthiophene) and fullerene derivative
(PC7:BM) showed that the power conversion efficiency strongly depends on the block
composition, reaching a maximum value of 3.0 % PCE at 50 mol % P3BT. This efficiency is
about a factor of 1.6 — 9 times higher than the corresponding homopolymer devices made under
similar conditions. The observed enhancement of carrier mobility of holes in the BHJ devices
largely accounts for the large improvement in photovoltaic efficiency and its dependence on
block copolythiophene composition. These results demonstrate that block conjugated copolymers
represent a promising strategy in the design and optimization of polymer semiconductors for low

cost solar energy conversion devices.
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2.2 Solar Cells Based on Block Copolymer Semiconductor Nanowires: Effects of Nanowire
Aspect Ratio
2.2.1 Introduction

Solar cells made from organic/polymer semiconductors are promising low cost alternative
to conventional photovoltaic devices based on inorganic semiconductors.'* However, because
photogenerated excitons in polymer solar cells have relatively small diffusion lengths (5 — 20

1-3,5,6
)

nm and a large binding energy (~ 0.4 — 1.0 eV),>* the multicomponent organic/polymer

active layer in bulk heterojunction (BHJ) cells’ must necessarily be structured on the same scale
as the exciton diffusion length to be highly efficient."> ® ° Among the new approaches to
realizing the two-phase nanostructured morphology in such polymer/fullerene BHJ solar cells are:

10, 11

the use of a processing additive during the spin coating of the BHJ thin film; the use of

self-assembled polymer semiconductor nanowires (NWs);'*"

and the use of the microphase
separation of a diblock copolymer containing one or both conjugated polymer blocks.'®?” Block
copolymers containing one or more © — conjugated polymer blocks are of increasing interest as
an approach to the two-phase BHJ thin film morphology with nanoscale domain sizes for
application in solar cells.'***%*

In the case of NWs of conjugated homopolymers, the primary focus has been on
regioregular poly(3-alkylthiophene)s and especially poly(3-hexylthiophene) (P3HT),'® 234
poly(3-pentylthiophene) (P3PT)" *° and poly(3-butylthiophene) (P3BT).'*'* 3% 3135 Highly
crystalline NWs of ~ 8 — 30 nm widths, 3 — 5 nm thickness, and lengths of up to 1 — 10 um

have been assembled from solutions of P3BT,'”" P3PT" and P3HT'® and exploited in the
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construction of efficient BHJ solar cells. Although the width and thickness of self-assembled
NWs of poly(3-alkylthiophene)s fall in the range comparable to the exciton diffusion length,
their lengths and thus aspect ratios are difficult to control," precluding a full understanding of
the effects of the nanowire morphology on charge transport and photovoltaic properties of
polymer semiconductor NWs. Indeed, we know of no literature report on any method to control
the length or aspect ratio of solution-phase assembled conjugated polymer NWs nor of a study of
effects of the aspect ratio on their properties and device applications.

In this chapter, we report the solution-phase self-assembly, morphology, charge transport,
and photovoltaic properties of diblock copoly(3-alkylthiophene) NWs. We show that the
copolymer composition provides a means to tune the aspect ratio (length/width, L/d) of NWs
assembled from the block copolythiophenes. The vertical charge transport through the copolymer
NWs/fullerene BHJ thin films was characterized by space charge limited current measurement
and found to be independent of aspect ratio of the NWs. In contrast, the power conversion
efficiency of the copolymer NWs/fullerene BHJ solar cells varied with the aspect ratio of the
NWs. The molecular structures of the diblock copoly(3-alkylthiophene)s investigated in this
study, poly(3-butylthiophene)-block-poly(3-octylthiophene) (BOx, where x refers to the percent
molar fraction of P3BT segment in the diblock copolymers), and [6,6]-phenyl-C7; butyric acid

methyl ester (PC7;BM) are shown in Scheme 2.2.
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BO50,n: m =50:50
BO76,n: m=76:24
BO90,n: m=90:10

Scheme 2.2 Structures of the diblock copoly(3-alkylthiophene)s, BOx, and PC;;BM.

2.2.2 Experimental Section

2.2.2.1 Materials and Assembly of Nanowires. The synthesis of the series of block
copoly(3-alkylthiophene)s was previously reported.'”” The molecular weight, regioregularity, and
thermal properties of BOx are summarized in Table 2.2. The assembly of BO50, BO76 and BO90
NWs was done in ortho-dichlorobenzene (ODCB, Sigma-Aldrich, anhydrous, 99%) solution,

1219 In general, a 10 mg sample (BOx) was dissolved

following our previously reported methods.
in 1 mL N>-degassed ODCB and magnetically stirred at a selected temperature until complete
dissolution. Because of the difference in solubility, BO50, BO76, and BO90 were prepared at
room temperature (20 'C), 50 'C and 80 'C, respectively. Each of the resulting solution was
passed through a 0.45 pum filter, cooled to room temperature, and allowed to grow NWs

undisturbedly for two days. Thus, a 10 mg/mL (1 wt %) suspension each of BO50, BO76, and

BO90 NWs was obtained.
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Table 2.2 Molecular Weight, Regioregularity, and Thermal Properties of BOx.

Copolymer M, M, PDI r.r T T
(g/mol)  (g/mol) (%) (°0) (°O)
BO50 29300 17300 1.69 94.1 190, 246 149, 204
BO76 18200 11400 1.60 93.7 263 223
BO90 44900 15800 2.84 94.1 278 234

2.2.2.2 Preparation of BOx Nanowire:Fullerene Nanocomposites. A 60 mg/mL
[6,6]-phenyl-C7; butyric acid metyl ester (PC7;BM) solution in ODCB was prepared at room
temperature and passed through a 0.45 um filter. Nanocomposites were prepared by blending a
suspension of BOx NWs with a PC7;BM solution at desired weight ratios and stirred well before
spin-coating to fabricate devices.

Device Fabrication and Characterization. Solar cells were fabricated on indium tin oxide (ITO)
glass substrates. ITO substrates (10 /o, Shanghai B. Tree Tech. Consult Co., Ltd, Shanghai,
China) were cleaned sequentially with acetone, deionized water and isopropyl alcohol in an
ultrasonic bath, and blown with nitrogen until they were dried. A 50 nm PEDOT:PSS (Baytron P
VP AI 4083) layer was spin-coated on top of the ITO and dried at 150 "C for 10 min under
vacuum. Each BOx NWs:PC7BM suspension was spin-coated on top of PEDOT:PSS layer for
30 s in a glovebox to make a BHJ active layer. The thickness of each BOx NWs:PC7,BM (x = 50,
76, 90) thin film was 105 nm, 95 nm, and 100 nm, respectively. The photovoltaic properties of
the BOx NWs:PC;BM nanocomposites were optimized by first testing several BOx
NWs:PC7BM ratios (1:0.5, 1:0.75, 1:1, and 1:1.25) followed by further device optimization

(thermal annealing, film aging) at the composition that gave the best PCE. Device optimization
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techniques, such as film aging in a Petri dish and thermal annealing (at (110 £10) 'C for 5 min),
were carried out. The substrates were then loaded in a thermal evaporator (BOC Edwards, 306)
to deposit a cathode composed of 1.0 nm LiF and 80 nm Al under high vacuum (8x107 torr).
Five solar cells, each with an active area of 4 mmz, were fabricated per ITO substrate. Devices
for space-charge limited current (SCLC) measurement were fabricated with the same device
structure, except that a Au top electrode was deposited instead of LiF/Al, to facilitate hole-only
transport.

Current — Voltage characteristics of the solar cells and SCLC devices were obtained using
an HP4155A semiconductor parameter analyzer in laboratory ambient air. We note that our solar
cell devices were not encapsulated, and thus to minimize the impact of ambient conditions
(oxygen, water, etc) on the performance of the solar cells, they were kept in a desiccator before
testing in air. 1 Sun illumination (AM1.5 at 100 mW/cm®) was provided by a filtered Xe lamp
and calibrated by using a calibrated Si diode from the National Renewable Energy Lab (NREL,
USA). J — V characteristics for SCLC were measured under dark condition. Zero-field mobilities
of holes were extracted from the J-V curves by non-linear least-square fit to the modified

Mott-Gurney equation [1].%

/ =§8gouV—2exp(°'89ﬂ J7) [1]

L JL
where J is the current density, V' is the applied voltage, L is the active layer thickness, u is the
mobility, ¢ is the relative permittivity, & is the permittivity of free space (8.85 x 10™'? F/m), and

[ is the field-activation factor (also called the electric field coefficient). The solid lines in Figure

47



2.17 represent the fitting curves based on this model. The electric field dependent value of charge
carrier mobility can be calculated accordingly.®”**

Measurement of the incident photon to current efficiency (IPCE) was made using an Oriel
xenon lamp (450 W) with an Oriel Cornerstone 130 1/8 m monochrometer. The signal was
measured with a calibrated standard silicon solar cell and KGS5 filter which was calibrated at
NREL using a SR830 DSP lock-in amplifier at a chopping frequency of 400 Hz.
2.2.2.3 Characterization of Morphology and Absorption Spectra. X-ray Diffraction (XRD) of
the neat BOx NWs was done on films drop-casted onto clean silicon wafer and dried in vacuum.
A Bruker F8 Focus Powder X-ray Diffractometer with Cu K, beam (40 kV, 40 mA; A = 0.15418
nm) was employed to obtain the XRD spectra. XRD spectra of the BHJ BOx:PC7;BM blends
were acquired on the actual solar cells, whose photovoltaic properties are reported. Imaging by
atomic force microscopy (AFM) was done within an area of 5x5 um with a Dimension 3100
SPM (Veeco) instrument operating in tapping mode. For transmission electron microscopy (TEM)
imaging, each nanowire suspension was diluted with ODCB, drop-casted onto a TEM grid (300
mesh, carbon coated copper grids, Electron Microscopy Sciences, Inc.), dried and examined
under bright-field TEM (BF-TEM). In the case of the nanocomposites, a thin film of the BOx
NWs:PC7BM active layer was first scratched, and soaked in deionized water. The active layer
was then peeled-off the substrate, supported on a TEM grid, and dried for imaging. An FEI
Tecnai G* F20 TEM operated at 200 kV was employed for BF-TEM imaging. Selected area

electron diffraction (SAED) was done on the same TEM, with a 0.031 mm® aperture. Images

were acquired with a CCD camera and recorded with Gatan DigitalMicrograph™™ software.
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UV-vis absorption spectra were recorded with a Perkin-Elmer model Lambda 900
UV/vis/near-IR spectrophotometer on BOx NWs:PC7;BM thin films spin-coated on top of
PEDOT:PSS/ITO substrates, following the same processing conditions for the solar cells. The
film thickness was determined by using an Alpha-Step 500 profilometer (KLA-Tencor).

2.2.3 Results and Discussion

2.2.3.1 Assembly and Morphology of Block Copolythiophene NWSs. The solution-phase
self-assembly of NWs from the diblock copolythiophenes BOx is similar to our previously
described methods for the assembly of NWs from poly(3-butylthiophene) homopolymer.'* ' We
note that although five different block compositions of BOx (x = 17, 29, 50, 76, and 90) were
synthesized and previously studied,'” ' here we focused on BO50, BO76, and BO90 nanowire
growth by solution-phase self-assembly in ortho-dichlorobenzene (ODCB). Under similar
conditions, NWs could not be assembled from BO17 and BO29. By maintaining the concentration
of each BOx (BO50, BO76, and BO90) in ODCB at 10 mg/mL (1 wt %) while varying the
temperature from room temperature (20 ‘C) to 80 'C, we were able to tune the morphology of the
NWs. Figure 2.10 shows the morphology of the diblock copolythiophene NWs revealed by TEM
and AFM images. The TEM images show that NWs obtained from the three diblock copolymers,
B0O50, BO76, and BO90, had widths of 13.3 = 1.1, 15.8 £ 1.5 and 14.5 + 1.0 nm, respectively,
based on 100 measurements of the width and length of NWs in TEM images. Although the width
(d) of the NWs (13 - 16 nm) is relatively narrow in distribution across the different block
compositions, the length (L) distribution and thus aspect ratio (L/d) was quite broad. The aspect

ratio varied from 15 — 75 in BO50'’ and 25 — 115 in BO76 to 125 — 350 in BO90. The average
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aspect ratio of these diblock copolythiophene NWs were 48 + 13, 80 + 27 and 263 + 46 for the
B0O50, BO76 and BO90 NWs, respectively. The observed morphology of BO50 NWs corresponds
well with our previous report.'” However, the NWs of BO76 and BO90, investigated here for the
first time, have significantly higher aspect ratios compared to BO50. Since the BOx samples have
comparable molecular weights, the huge difference in aspect ratio is attributable to the variation in
block composition and perhaps also the dissolution temperature. On the other hand, we note that
when BOS50 solution was heated above 50 ‘C, assembly of NWs became difficult and only
spherical aggregates of BO50 then result, suggesting that temperature is not a significant factor
controlling the aspect ratio of BOx NWs. The AFM images (Figure 2.10) confirmed the

morphology of NWs observed in TEM images.

BOSONWS =

BO50 NWs BO76 NWs

200'nm 200.nm
E——— \———

Figure 2.10 BF-TEM and AFM topographical images of NWs assembled from diblock
copolythiophenes of different compositions: BO50, BO76, and BO90.
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Figure 2.11 shows the TEM images of spin-coated thin films of the BOx NWs. It is obvious
that the nanofiber morphology is maintained in the films, and even without any thermal annealing,
these NWs show high crystallinity as indicated by the selected area electron diffraction (SAED)
patterns shown in the inset of Figure 2.11. The fact that in SAED, diffraction signals are only
collected from a small angle39 up to 3 — 5° makes the detection of reflections from =« - 7 stacking in
polymers possible.40’ I The bright outer rings in all the SAED patterns corresponds to (020)
diffraction peak in the g-vector range of 2.5 — 2. 6 nm™, indicating that the « - stacking distance in
films of BOx NWs is 0.38 — 0.40 nm. This © — stacking distance in films of diblock
copolythiophene NWs is comparable to that in films of poly(3-alkylthiophene) homopolymers.*’
The observed SAED rings for BO50 and BO76 NWs are isotropic, indicating that these NWs
arrange themselves randomly since there is no control over the orientation of the NWs. However,
the SAED pattern for BO90 NWs appears to be anisotropic, which may be a result of oriented

NWs in the small area sampled.

Figure 2.11 TEM images of pure block copolymer nanowire films.
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The crystallinity and molecular packing in the diblock copolythiophene NWs were further
confirmed by the X-ray diffraction (XRD) spectra shown in Figure 2.12a. The NWs of BO50,
BO76, and BO90 show diffraction peaks that are characteristic of P30T and P3BT blocks. In
BO50 NWs, the observed interchain spacing (dj¢o) of 2.00 nm corresponds to that in P3OT block,
while a shoulder that appears at a 20 = 6.10° is characteristic of P3BT block (d1o0 = 1.45 nm).42 In
NWs of BO76 and BO90, a prominent peak corresponding to the P3BT block was observed with a
d00 spacing of 1.36 nm and 1.38 nm, respectively. A shoulder at 20 = 5.19° is visible in the XRD
spectrum of BO76 NWs, corresponding to a d-spacing of 1.70 nm. It is obvious that in the
assembly of the BOx NWs, the constituent P3OT and P3BT blocks organize in such a way that the
lamellar spacings (dpsor and dpspr) are modified compared with the parent homopolymers (P30T,
P3BT). Combining information from both SAED and XRD, the molecular packing in these
diblock copolythiophene NWs is proposed and schematically illustrated'® in Figure 2.12b. The
axis of the NWs is extended along the (010) or the m — stacking direction. In the (100) direction, the

NWs are stacked by side-chain organization.
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Figure 2.12 (a) X-ray diffraction spectra of films of BO50, BO76, and BO90 NWs. (b)
Schematic illustration of molecular packing in a single BOx nanowire.
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2.2.3.2 Bulk Heterojunction Solar Cells. The width of these copolythiophene NWs (13 — 16 nm)

1-3,5,6
27 and thus

is comparable to the exciton diffusion length in polymer semiconductors (5 - 20)
falls into the optimum distance for exciton dissociation in polymer solar cells. The crystalline
nature of the copolymer NWs and their varying aspect ratios also suggest the possibility of tuning

the charge transport and nanoscale morphology of BHJ solar cells.'> '*

We have thus explored
BHJ solar cells based on these diblock copolythiophene NWs.

The photovoltaic properties of BOx NWs in BHJ solar cells were studied by blending the
NWs with an electron acceptor, [6,6]-phenyl-Cy; butyric acid methyl ester (PC;;BM), using the
device structure: ITO/PEDOT:PSS/active layer/LiF/Al, where the active layer is a BOx
NWs:PC7BM nanocomposite. The solar cells were characterized under AM1.5 solar illumination
at 1 sun (100 mW/cm?) in laboratory air. Typical current density (J) — voltage (V) curves for BO50
NWs:PC71BM, BO76 NWs:PC7,BM, and BO90 NWs:PC;,BM thin film solar cells are shown in
Figure 2.13a. The photovoltaic parameters calculated from the J-V curves are summarized in Table
2.3. The observed open circuit voltage (Voc) was 0.53 - 0.59 V, which is comparable to BHJ solar
cells from the homopolymers, P3BT and P30OT.*' The short-current density (Ji.) increased from
8.31 mA/cm® in BO50 NWs to 9.85 mA/cm” in devices based on BO90 NWs. The fill factor of
0.58 — 0.65 is comparable to, and even higher than values found in P3BT NWs:PCs;BM

. 12,14
devices. ™

These photovoltaic parameters translate to a maximum power conversion efficiency
(PCE) of 2.91, 3.14, and 3.38 %, and an average PCE of 2.86, 2.99, and 3.32% for BO50 NWs,
BO76 NWs, and BO90 NWs BHJ devices, respectively. We note that the larger standard deviation

in the average PCE of BO76 NW:PC;;BM solar cells may be due to the higher polymer content in
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this composite, which could have slowed the drying of the film and caused local heterogeneity. We
also note that the small difference in PCEs between BO50 NWs:PC,;BM and BO76 NWs:PC;,BM
solar cells arise from the small difference in their aspect ratios (48 + 13 vs. 80 + 27). Compared
with the best BHJ devices based on P3BT:PC7;BM blends (3.0 — 3.2 % PCE),'* the BOx NW

devices have a comparable efficiency, and in the case of 3.4 % PCE obtained for BO90 NWs, is

even slightly higher.
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Figure 2.13 (a) Semi-logarithmic plot of the dark current density (J) — voltage (¥) curves and the
photocurrent density — voltage curves of solar cells made from BOx NWs:PC7;BM. (b) Plot of
maximum (0) and average (©) PCEs vs. average aspect ratio of NWs. (¢) Plot of maximum (0)
and average (0) PCEs as a function of BOx NWs:PC7BM composition. (d) IPCE of BOx
NWs:PC7;BM solar cells at optimal blend ratios and processing conditions. BO50 NWs:PC;;BM
(1:1.25), BO76 NWs:PC7BM (1:0.5) and BO90 NWs:PC7,BM (1:1) thin films were processed
by 30 min, 120 min, 90 min film aging, respectively, followed by 5 min thermal annealing at 110
°C.
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Table 2.3 Charge Transport and Photovoltaic Properties of BOx NWs:PC7;BM Solar Cells.

Blends Processing wl T T Jee V.. FF PCE nax PCE,,.°¢
Condition® (em*Vs) (Qem’)  (Qemd)  (mA/em’) (V) (%) (%)
BO50:PC;,BM 30 min FA 222 % 2.86 £
] . 10.3 449 8.31 0.57 0.62 291
(1:1.25) 5 min TA 10 0.04
BO76:PC;BM 120 min FA 7.03 x 2.99 £
] s 12.2 867 9.20 0.59 0.58 3.14 d
(1:0.5) 5 min TA 10 0.14
B0O90:PC;,BM 90 min FA 1.72 x 332+
) . 7.5 903 9.85 0.53  0.65 3.38
(1:1) 5 min TA 107 0.08

* FA: film aging, TA: thermal annealing. b B values for BOx:PC71BM (x=50, 76, 90) are -1.70 x
10 (m/V)l/ 2 -1.06 x 10* (m/V)"?, and -1.84 x 10™ (m/V)l/ 2 respectively. © Average based on
5 devices with standard deviation. ¢ Average based on 10 devices with standard deviation.

The maximum and average efficiencies of BOx NW solar cells are plotted as a function of the
average aspect ratio (L/d) of NWs, as shown in Figure 2.13b. A significant increase of both
maximum and average PCEs with aspect ratio is observed, demonstrating that nanowires with high
aspect ratio are beneficial in BHJ polymer solar cells. In contrast, the dependence of average and
maximum efficiencies on the BOx NWs:PC7;BM composition is non-monotonic as shown in
Figure 2.13c. The incident photon-to-electron efficiency (IPCE) or action spectrum of each BOx
NW solar cell is shown in Figure 2.13d. The photoresponse of these BHJ diodes turns on at about
730 nm and peaks at ~510 nm. Compared with solar cells based on blend thin films of the same
block copolymers,21 the IPCE maxima in the nanowire devices are red-shifted by 20 nm, an
indication that more photons in the solar spectrum can be harvested and transformed to electrical
current. The maximum IPCE was 44 % for BO50 NWs:PC;;BM, 55 % for BO76 NWs:PC7BM,
and 63 % for BO90 NWs:PC7,BM devices. The IPCE thus increases with increasing aspect ratio of

the diblock copolymer NWs, similar to the trend of PCE with aspect ratio. We note that the [IPCE
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value of BO90 NWs/PC7,BM devices (63 %) is close to those reported for P3HT/fullerene BHJ
solar cells.***

The electrical parameters of the copolythiophene NW solar cells were evaluated. The BOx
NWs-based solar cells had good diode characteristics as indicated by the very high rectification
ratios (680 — 2300 in the dark at +£0.60 V), and the large shunt resistance (1, ~ 450 — 900 Q cm?)
derived from the inverse of the slope at open-circuit conditions. On the other hand, the series
resistance () obtained from the inverse of the slope at short-circuit conditions is in the range of
7.5 — 12.2 Q cm?, which is decreased compared with 13.5 — 21.1 Q cm’ observed in P3BT
NWSs:PCgBM solar cells.'* The decreased series resistance of BOx NWs:PC7BM thin films (95 —
105 nm) is attributed to the decreased thickness compared with P3BT NWs:PC61BM thin films
(200 — 230 nm). We also note that the series resistance observed in these BOx NWs:PC;;BM solar
cells is comparable to those of annealed P3HT:PCs;BM blends with typical series resistance of 8 Q
cm” or less. > *0

To gain further insight into the dependence of the performance of BHIJ solar cells on
nanowire aspect ratio, we investigated the photophysics, charge transport, and morphology of the
same BOx NWs:PC7;;BM BHI films. The thin film absorption spectra of BO50:PC7;BM (1:1.25),
BO76:PC;BM (1:0.5), and BO90:PC;BM (1:1), which gave the best power conversion
efficiency, are shown in Figure 2.14. The lineshape of the spectra, absorption maxima, and
absorption coefficient vary with the morphology of the NWs. All the spectra show distinct

vibronic shoulders at 560 nm and 610 nm, indicative of improved interchain & - stacking and

crystalline polymer domains in the BHJ thin films. The films of BO50 and BO90 NWs/PC;,BM
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nanocomposites show a similar maximum absorption coefficient of 5 x 10* cm™, whereas BO76
NWs:PC;BM thin films had a higher value of 6.5 x 10* cm™. This trend can be explained by the
fact that a lower amount of PC7;BM is present in the BO76 nanocomposite, which also causes
less disruption in the crystalline polymer NW phase. Comparing the absorption spectrum with
the IPCE spectrum (Figure 2.13d) for each BOx NWs:PC7,BM thin film, the two spectra have
similar lineshapes and the same peak position. On the basis of the similar absorption spectra, the
higher device efficiency of BO90 NWs:PC;;BM solar cells compared to BO50 NWs:PC;,BM

cannot be fully understood and thus other factors must be considered.
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Figure 2.14 The absorption spectra of BOx NWs:PC7BM thin films measured directly from
solar cells.

X-ray diffraction (XRD) was used to investigate the morphology and molecular packing in
the BOx NWs:PC7;BM BHI thin films (80 — 100 nm). The XRD data were collected directly
from the BHJ thin films without the LiF/Al cathode (Figure 2.15). BO50 NWs:PC;BM film

shows two distinct reflections with 20 angles of 4.39° and 6.29°, corresponding to d-spacings of
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2.01 nm and 1.40 nm, respectively. In the case of BO76 and BO90 NWs, only one dominant
reflection from the P3BT blocks was detected at 6.67° and 6.43°, with corresponding d-spacings
of 1.32 nm and 1.37 nm, respectively. These d-spacings indicate that the interchain distances
between polymer backbones are in good agreement with the d-spacing values for the pure BO50
and BO76 NWs.'? This means that the molecular packing in the NWs is not significantly affected

by PC;1BM in the nanocomposites, or the processing conditions (film aging and thermal

annealing).
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Figure 2.15 X-ray diffraction of BOx NWs:PC7;BM thin films on solar cells without cathode
deposition.

The morphology of BOx NWs:PC7 BM films peeled directly from the solar cells were
investigated by BF-TEM. The images were taken at slightly defocused conditions to enhance the
contrast between crystalline and amorphous phases (Figure 2.16). The polymer phase is

presumably the brighter phase and PC7;BM is the darker phase due to density difference.*” NWs
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are present in the BOx NWs:PC7,BM films as interconnected networks of the block copolymer
donor phases. The darker phase in the images represents the distribution of PC7;;BM and it can be
seen that these PC71BM domains are interconnected with sizes less than 50 nm. SAED was
employed to probe the changes of crystallinity in the BHJ thin films and the results are shown in
the insets of Figure 2.16. The bright outer rings in the SAED patterns indicate that the © -
stacking distances of the diblock copolythiophene NWs in the blend films are 0.38 — 0.40 nm,
which means that the « - stacking in the NWs is not destroyed by the presence of PC7;BM. The
inner rings in the SAED patterns are PC7BM diffractions positioned at around 2.0 — 2.1 nm™, as
confirmed by the pure PC7;BM reflection peak at 2.04 nm™ in Figure 2.16. The d-spacing for the
PC7BM is calculated to be 0.49 nm, which is similar to values of another fullerene derivative,

PCqBM. 44

i 200 ~— 200 nm

Figure 2.16 TEM images of BOx NWs:PC7;BM thin films peeled from solar cells and their
SAED patterns (inset).

The charge-carrier mobility of the NWs and the BOx NWs:PC7;BM nanocomposites were
evaluated by the space charge limited current (SCLC) method. The dark-current density (J)
versus voltage (V) curves in the hole-only devices are shown in Figure 2.17. Zero-field mobilities

of holes were extracted from the J-V curves by non-linear least-square fit to the modified

59



Mott-Gurney equation.'**® The hole mobility in films of the neat BO50, BO76 and BO90 NWs
was calculated to be 1.61 x 10'4, 0.87 x 10'4, and 1.26 x 10* cm*V s, respectively. The
corresponding P values, which show the electric field dependence of mobility, were -2.10 x 10
(m/V)", -1.89 x 10 (m/V)"?, and -1.63 x 10™* (m/V)"?, respectively. The SCLC mobility of
holes in the BOx NW:PC7;BM nanocomposites, which is collected in Table 2.3, showed very
similar values as the films of the neat NWs. This means that the aspect ratio of the NWs does not
influence the SCLC carrier mobility in the vertical direction of the thin films. The observed
independence of SCLC carrier mobility as a function of aspect ratio is in line with the fact that
the NWs in the BHJ thin films are largely parallel to the substrate. These SCLC hole mobilities
are comparable to that of P3HT in annealed P3HT:PCs;BM (1:1) blends (2 x 10* cm?/V s)* and
are one- or two-order of magnitude higher than those in P3OT:PC;;BM (2.91 x 10” cm*/V s) and
P3BT:PC;;BM (4.26 x 10° cm?*/V s) blends, respectively.”’ We note that, similar to P3BT
NW:PC¢ BM solar cells, the hole mobility of these BOx NWs:PC;;BM blends shows a negative

electric field dependence.'

These P values are comparable among BOx NWs and BOx
NWs:PC7,BM thin films, regardless of block composition and aspect ratio of NWs. The lack of
dependence of SCLC hole mobility on aspect ratio in both neat BOx NWs and BOx

NWs:PC7,BM thin films means that the aspect-ratio-dependent photovoltaic properties is not

likely to be caused by variation in hole transport.
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Figure 2.17 (a) J-V curves and the corresponding non-linear least-square fitting of films of BOx
NWs (a) and BHJ BOx NWs:PC7BM films (b). The thickness of BOx NW (x = 50, 76, 90) films
is 73 nm, 66 nm, and 68 nm, respectively, and 81 nm, 93 nm, and 79 nm for BOx NWs:PC;;BM
films.

In summary, we have found that the performance (PCE, IPCE) of BHJ solar cells based on
diblock copolythiophene NWs increases with increasing aspect ratio of the nanowires. Although
the absorption (and thus light harvesting) and charge carrier (SCLC) mobility of holes are
enhanced in these nanowire-based BHJ devices, compared to similar blend or homopolymer
devices, these factors could not explain the observed dependence of power conversion efficiency
and IPCE on aspect ratio of the block copolymer NWs. In the light of the observed morphology,
although the NWs have similar widths within the nanocomposites with PC;;BM, the variation in
the aspect ratio seems to influence performance of the BHJ solar cells in subtle ways. The
introduction of donor materials in the form of polymer nanowires also allows a more uniform
nanoscale mixing between donors and acceptors in the BHJ thin films. Since long nanowires
facilitate the formation of interconnected network and bicontinuous, percolated phase separation,

NWs with high aspect ratios would facilitate a higher rate of exciton generation and dissociation,
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and subsequent charge transport and collection. Additional studies of exciton dissociation and
charge recombination rates in polymer nanowire-based BHJ solar cells are necessary to fully
understand the observed aspect ratio dependence of photovoltaic efficiency.
2.2.4 Conclusions

We have synthesized NWs with tunable aspect ratio from a series of block
copoly(3-alkylthiophene)s through solution phase self-assembly. TEM imaging of the
morphology of these NWs showed that the one-dimensional polymer nanostructures had a width
of 13 — 16 nm and average aspect ratio of 48 = 13, 80 + 27 and 263 + 46 for BO50, BO76, and
BO90 NWs, respectively. The results show that the diblock copolymer composition provides a
facile and powerful means of tuning the aspect ratio of polymer semiconductor nanowires. Bulk
heterojunction solar cells based on BOx NWs/PC7;BM nanocomposites showed a dependence of
photovoltaic efficiency (2.9 - 3.4 % PCE) on aspect ratio of the NWs. TEM imaging showed that
an interconnected network of polymer NWs with nanoscale donor/acceptor phase separation was
achieved. The crystallinity of both copolymer and PC7;BM phases was revealed by SAED, as
indicated by the intensity of reflection peaks from polymer n-stacking in the copolymer phase
and PC;;BM. The SCLC charge mobility of holes in the BHJ solar cells was invariant with the
aspect ratio of the nanowires because of the parallel orientation of the NWs to the substrate. The
observed aspect-ratio-dependent photovoltaic properties of the BOx NWs are attributed to
enhanced charge separation, transport, and collection in the BHJ devices. We conclude that
polymer semiconductor NWs with high aspect ratio (Ilength/width = 125 — 350) are desirable for

improving the performance of BHJ solar cells.
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Chapter 3 Benzobisthiazole Copolymer/Fullerene Bulk
Heterojunction Solar Cells: Driving Force of Hole Transfer

3.1 Introduction

Organic semiconductors are finding increasing applications in optoelectronic and electronic
devices, such as organic solar cells (OSCs)'” and organic field-effect transistors (OFETs).*" For
example, the power conversion efficiency (PCE) of bulk heterojunction (BHJ) solar cells made
from organic semiconductors is approaching 10%,’ demonstrating the potential of organic solar
cells as a means of utilizing solar energy.

Oxidation-resistant conjugated polymers, typically those with very negative ionization
energies, have attracted increased attention in OFET research, due to their enhanced durability
and lengthened operation lifetime in air. For instance, using benzobisthiazole as the electron
deficient building block and various other electron rich moieties (dithienosilole, dithienopyrrole,
carbazole, and bithiophene), the ionization energy can be tuned by nearly 900 meV, yielding
OFETs with remarkably stable (over 2 years in air) hole mobility, threshold voltage, and on/off
current ratio.”’ Further exploring such oxidation-resistant conjugated copolymers for use in
organic solar cells with extended operation lifetime is highly desirable. However, making the
donor material more difficult to oxidize can complicate device operation as it can decrease the
free energy available for driving photoinduced hole transfer from the acceptor material.

Fullerene derivatives have been widely used as the electron acceptors in organic solar cells
and have yielded the highest power conversion efficiencies so far.” High performance fullerene
materials include [6,6]-phenyl-C;-butyric acid methyl ester (PC71BM),

[6,6]-phenyl-Cg;-butyric acid methyl ester (PCs;BM), and indene-Cgy bis-adduct (ICsBA).
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However, chemical modification of fullerenes usually results in modified ionization energy (/E)
and electron affinity (EA4) values, as well as changes in film morphology, both of which can
affect the photovoltaic properties of solar cells. For example, in PC7;BM, PC;BM and IC¢BA,
the value of EA varies between 3.8 - 4.0 eV.*

In this paper, we study the use of an oxidation-resistant conjugated copolymer,
poly[(4,8-bis(2-hexyldecyl)oxy)benzo[ 1,2-b:4,5-b"|dithiophene)-2,6-diyl-alt-(2,5-bis(3-dodecylth
iophen-2-yl)benzo[1,2-d;4,5-d"]bisthiazole)] (PBTHDDT)4i in a series of polymer/fullerene blend
solar cells. In addition to the technological interest associated with the use of polymers with
increased oxidative stability, the use of PBTHDDT is of interest for fundamental studies because
the ionization energy (/E) of the polymer is quite negative relative to vacuum, and is similar to
the energy released when transferring an electron to the half-filled HOMO of the fullerene
exciton (the excited state electron affinity). We can thus use PBTHDDT/fullerene blends to
examine the effects of modulating the driving force for photoinduced hole transfer on the
photovoltaic behavior of BHJ polymer solar cells. We find that solar cells based on
PBTHDDT:PCBM have much higher power conversion efficiencies (2.70-3.75% PCE)
compared with that of ICBA-based devices (1.52% PCE). The photoinduced absorption (PIA)
spectra of all the PBTHDDT:fullerene blends exhibit long-lived positive polarons in PBTHDDT
and negative polarons on the fullerene when exciting the polymer. However, no induced
absorption features are observed when selectively exciting ICsBA blended with PBTHDDT,
suggesting that ICqBA excitons do not efficiently generate long-lived charges at the D/A
interface. On the other hand, selective excitation of PC;1 BM or PC¢BM blended with
PBTHDDT does generate long-lived polarons. We explain these results by using the offset

between the ionization energy of the polymer and the electron affinity of the fullerene in its
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singlet excited state as the measure of the driving force for charge separation via photoinduced
hole transfer. Specifically, we find the driving force for photoinduced hole transfer to be
insufficient to sustain long-lived charge separation from ICsBA excitons when paired with
PBTHDDT.

3.2 Experimental Section

3.21 Materials: The synthesis and characterization of
poly[(4,8-bis(2-hexyldecyl)oxy)benzo[ 1,2-b:4,5-b"|dithiophene)-2,6-diyl-alt-(2,5-bis(3-dodecylth
iophen-2-yl)benzo[1,2-d;4,5-d'|bisthiazole)] (PBTHDDT, M, = 19.94 kDa, PDI = 2.84) were
reported elsewhere.” Regioregular poly(3-hexylthiophene) (P3HT) (M,, = 35.40 kDa, PDI =
2.45) was purchased from Rieke Metals. The fullerenes, [6,6]-phenyl-C7;-butyric acid methyl
ester (PC7,BM, >99.0%), [6,6]-phenyl-Ce;-butyric acid methyl ester (PCg;BM, >99.5%), and

indene— Cg bisadduct (ICBA, >99%) were purchased from Nano-C, American Dye Sources,

Inc., and Luminescence Technology Corp., respectively. Anhydrous ortho-dichlorobenzene
(ODCB), and 1,8-diiodooctane (DIO) were obtained from Sigma Aldrich. All commercial
products were used without further purification.

3.2.2 Characterization of Energy Levels: Cyclic voltammetry (CV) was carried out on an
EG&G Princeton Applied Research potentiostat/galvanostat (Model 273A), and the data were
analyzed using a Model 270 electrochemical analysis system software. A three-electrode cell
was used, with platinum wires as both counter and working electrodes, and Ag/Ag’ (Agin 0.1 M
AgNO; solution, Bioanalytical System, Inc.) as a reference electrode. A thin film of each
semiconductor was coated onto a platinum electrode from a concentrated solution in chloroform
and dried in vacuum. Solution CV was performed with 10 mg of solute in a 0.1 M solution of

TBAPFs in benzene/acetonitrile (11.3mL/3.8mL) under N,. Using the ferrocenium/ferrocene
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(Fc'/Fc) redox couple as an internal standard, the redox potential values were obtained in
reference to a Ag/Ag’ electrode. All solutions were purged with N, for 20 min before each
experiment. Solid state ionization energy (/E) and electron affinity (E4) values were estimated
from cyclic voltammetry (relative to SCE) using the relationship of, EA = eE,.,”** + 4.4 eV and
[E using the relationship IE = eE,,""* + 4.4 ¢V >

UV photoemission spectroscopy measurements (UPS) were performed under ultra-high
vacuum conditions using the He(I) photon line (21.22 e¢V) from a He discharge lamp. The energy
resolution of the measurement was 0.15 eV. A -5V bias was applied to the sample to facilitate
the observation of the slow electron cutoff. Inverse photoemission spectroscopy (IPES)
measurements were conducted in the isochromat mode, detecting photons with an energy of
~10eV. For the measurements, the energy of the exciting electrons produced by a low energy
electron gun was swept from ~ 5 to 15 eV. Degradation of the sample was minimized by varying
the position of the electron beam on the surface, so that no single spot was exposed for longer
than 2 min. The overall IPES instrumental resolution is 450 meV, estimated from the width of a
metal Fermi edge. The substrates prepared for UPS and IPES measurements consisted of ozone
treated indium tin oxide (Thin Film Technology) covered by approximately 20 nm of PBTHDDT
or each fullerene derivative. The ionization energy and electron affinity were derived by fitting
the onset of the density of states by a linear slope and measuring the intersection of this fit with
the background signal.
3.2.3 Device Fabrication and Characterization: ODCB solutions of 10 mg/mL PBTHDDT, 20
mg/mL P3HT, and 60 mg/mL fullerene (PC7;;BM, PCs;BM, or ICsBA) were prepared and
stirred until complete dissolution. All solutions were passed through 0.45 um filters before use.

Blend solutions of PBTHDDT:fullerene and P3HT:fullerene were prepared by mixing respective
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solutions at desired weight ratio.

Solar cells were fabricated on ITO-coated glass substrates (10 €2 /square, Shanghai B. Tree

Tech, China). The substrates were cleaned sequentially with acetone, deionized water, isopropyl
alcohol in an ultrasonic bath, and dried in a vacuum oven. A 40 nm PEDOT:PSS (Clevios P VP

Al 4083) layer was spin-coated on top of the ITO and dried at 150 ° C for 10 min under

vacuum. The blend solution, which is either PBTHDDT:fullerene (containing 2.5 vol% DIO) or
P3HT:fullerene blend, was spin-coated on top of PEDOT:PSS to make a BHJ active layer of ~80
nm in the glovebox. The active layer was then dried in vacuum for 2 hours (PBTHDDT:fullerene)

or aged in a Petri dish for 30 min and annealed at 175 ° C for 10 min (P3HT:fullerene). The

substrates were then loaded in a thermal evaporator (BOC Edwards, model 306) to deposit a

cathode composed of 1.0 nm LiF and 80 nm Al under high vacuum (8 X 107 Torr). Four solar

cells, each with an active area of 9 mm?, were fabricated per ITO substrate.

Current—voltage characteristics of the non-encapsulated solar cells were obtained using an
HP4155A semiconductor parameter analyzer in ambient laboratory air. The 1 Sun illumination
(AM1.5 at 100 mW/cm?) was provided by a filtered Xe lamp and calibrated by using a Si diode
calibrated at the National Renewable Energy Lab (NREL, USA). Incident photon-to-current
efficiency (IPCE) was measured using a QEX10 solar cell quantum efficiency measurement
system (PV Measurements, Inc.).

3.2.4 Characterization of Morphology. Atomic force microscopy (AFM) imaging was
performed on the same solar cell devices using a Dimension 3100 SPM (Veeco) instrument
operating in tapping mode. Thin films of the active layers were obtained by scratching edges of
the thin films, soaking with water, and peeling them off from the device substrates, and they

were then supported on TEM grids (Electron Microscopy Sciences) for bright-field transmission
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electron microscopy (BF-TEM) imaging. An FEI Tecnai G* F20 TEM at 200 kV was employed.
Images were slightly defocused to enhance the phase contrast between the polymer and fullerene,
and were acquired with a CCD camera and recorded with Gatan DigitalMicrograph software.

3.2.5 UV-vis Absorption and Photoinduced Absorption (PIA) Spectra: UV-vis absorption
spectra of neat polymer or fullerene films were recorded with a Perkin-Elmer model Lambda 900

UV/vis/near-IR spectrophotometer using glass substrate. UV— vis absorption spectra of blend

films were recorded on the blend films spin-coated on top of PEDOT/ITO substrates, following
the same processing conditions as the solar cells. PIA spectra were collected as previously
described”’ using conventional lock-in detection methods®® employing either a 455 nm or 630
nm LED excitation source modulated at 200 Hz. Measurements were performed in transmission
mode on glass substrates in a Janis cryostat at 80K. Spectroelectrochemical measurements were
performed at room temperature on PBTHDDT films deposited on ITO substrates immersed in
acetonitrile:tetrabutylammonium perchlorate solution with a silver reference electrode in a Cary
UV-Vis-NIR spectrophotometer.
3.3 Results and Discussion
3.3.1. Photovoltaic Properties

We show the molecular structures of
poly[(4,8-bis(2-hexyldecyl)oxy)benzo|[ 1,2-b:4,5-b’]dithiophene)-2,6-diyl-alt-(2,5-bis(3-dodecylt
hiophen-2-yl)benzo[1,2-d;4,5-d’]bisthiazole)] (PBTHDDT) and the three different fullerene
derivatives, including PC7;BM, PC¢BM, and IC¢BA, in Figure 5.1. PBTHDDT contains a
benzobisthiazole as the electron deficient moiety and a benzodithiophene as the electron rich

moiety in the repeating unit.
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Figure 3.1 Molecular structures of PBTHDDT donor polymer and three fullerene acceptors
(PC71BM, IC¢BA , and PCs;BM) used this study.

We first investigated the photovoltaic properties of BHJ solar cells made from
PBTHDDT:fullerene blends, where the fullerene acceptor is either PC7;BM, PCgBM, or ICsBA.
The solar cells have the basic device structure of ITO/PEDOT:PSS/active layer/LiF/Al, where
the active layer is a spin-cast film composed of PBTHDDT:fullerene blend with an optimal
weight ratio of 1:2, and processed with 2.5 vol% 1,8-diiodooctane (DIO). The solar cells were
fabricated in a glovebox and tested under AM1.5 solar illumination at 1 sun (100 mW/cm?) in
ambient air. The current density (J)—voltage (V) curves for these devices are shown in Figure
3.2a. The photovoltaic parameters of devices made from PBTHDDT:fullerene blends, including
the open circuit voltage (V,), the short-circuit current density (Js), and fill factors (FF) are
collected in Table 3.1. V, increased slightly from 0.64 V in PBTHDDT:PC7;BM devices to 0.69
V in PBTHDDT:PCs;BM devices, but increased dramatically to 0.95 V in PBTHDDT:ICsBA
solar cells. However, we observe a significant reduction in Jy. and slight losses in FF as well in

the IC¢BA-based solar cells, compared with the PC;;BM and PCsBM based devices. For
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example, a Jy. of 3.45 mA/cm? in PBTHDDT:IC4BA solar cells represents a 64% and 46%
decrease compared to that of PBTHDDT:PC;;BM (9.60 mA/cm?®) and PBTHDDT:PCg;BM (6.39
mA/cm?) solar cells, respectively. We observe a small decrease in FF to 0.50 for
PBTHDDT:IC¢BA solar cells (~20% lower than that of PCBM-based devices). As a result,

average power conversion efficiency (PCE) decreased from 3.75 + 0.06% for
PBTHDDT:PC;;BM, and 2.70 * 0.05% for PBTHDDT:PCs;BM, to 1.52 £ 0.07% in

PBTHDDT:IC¢BA solar cells, with the major efficiency loss due to comparatively low

photocurrent generation.
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Figure 3.2 a) Current density (J) — voltage (V) characteristics, b) IPCE spectra of the
PBTHDDT:fullerene (1:2) blend solar cells and ¢) Semi-log scale IPCE spectra normalized to
PBTHDDT absorption at 560 nm.

The incident photon-to-electron efficiency (IPCE) or photocurrent action spectrum of each
PBTHDDT:fullerene solar cell system is shown in Figure 3.2b. The photoresponse of
PBTHDDT:PC7,BM turns on at about 720 nm and peaks at 460-510 nm. The response above
600 nm is due almost entirely to the fullerene, as PBTHDDT has negligible absorbance beyond
600 nm (Figure 3.3). The photoresponse of PBTHDDT:PCs;BM also begins at ~720 nm, but is

much weaker over the region from ~720-580 nm due to the reduced absorption in the spherically
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symmetric fullerene relative to the PC;;BM. Finally, the PBTHDDT:IC4)BA solar cells exhibit
the lowest overall photocurrent, and show less than 1% IPCE over the region where only the
fullerene absorbs (A = 600 — 720 nm). To more clearly illustrate the low photoresponse from

the ICs0BA acceptor in this spectral region, Figure 3.2c shows the IPCE values normalized to the

PBTHDDT absorption at ca. 560 nm.
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Figure 3.3 UV-vis absorption spectra of neat films of PBTHDDT, P3HT, PC;,BM, PC¢ BM,
and IC¢BA, and their optical bandgap.

The maximum IPCE was 70% for PBTHDDT:PC7,BM, 57% for PBTHDDT:PC¢BM, and
33% for PBTHDDT:IC7BA devices. The expected Ji. (calculated from the IPCE spectrum) is
9.00 mA/cm” for PBTHDDT:PC7;BM, 6.13 mA/cm® for PBTHDDT:PCyBM, and 3.25 mA/cm’
for PBTHDDT:IC7BA, respectively. These Ji. values calculated from the IPCE spectra are
slightly (4.1-6.3%) lower than the Js. obtained in J-J measurements. This small discrepancy
could be due to spectral mismatch between the simulated light source and the AMI1.5 solar
spectrum or to degradation of the solar cells during measurement since the IPCE data was

collected following the J-7 measurement.
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Table 3.1 Device Metrics and Energies Offsets of PBTHDDT:Fullerene Blend Solar Cells.[a]

Blend[b] Ve Jee
14! [mA/cm?]

1 M ave AEpoe[c]  AEge[c] AEpy[d]

FE [% PCE] [% PCE]

PBTHDDT:PC;BM 0.64 9.60 0.63 3.83 3.75£0.06 -0.133 -0.403 -1.68
PBTHDDT:PCsBM 0.69 6.39 0.62 2.72 2.70%0.05 -0.066 -0.376 -1.70
PBTHDDT:ICsBA 0.95 3.45 0.50 1.62 1.52%0.07 0.110 -0.250 -1.83

[a] Energy difference calculated in eV from average of film CV, solution, CV and PES data. [b]
1:2 wt:wt blend ratio. [c] See Equation 3.2. [d] A Ep4 = IE[Donor]| — EA[Acceptor].

Table 3.2 Photovoltaic Properties of P3HT:Fullerene Blend Solar Cells.

Blend[a] Ve J. 17 max n

7 maemd T [%PCE] (% PCE]
P3HT:PC;,BM 0.61 9.54 0.64 3.73 3.70%0.04
P3HT:PC,BM 0.61 8.29 0.63 3.19 3.1540.05
P3HT:IC¢BA 0.79 9.12 0.61 4.40 4.3240.09

[a] 1:1 wt:wt blend ratio.

For comparison with the PBTHDDT devices, we fabricated BHJ solar cells based on
P3HT:fullerene (1:1 wt/wt) blends, and characterized their photovoltaic performance under
similar conditions. We present the J-V characteristics of our P3HT:fullerene BHJ solar cells in

Figure 3.4 and summarize their photovoltaic properties in Table 3.2. Average PCEs of 3.70+
0.04%, 3.15+£0.05%, and 4.32£0.09% were achieved in P3HT:PC7;BM, P3HT:PC¢ BM, and

P3HT:IC¢BA solar cells, respectively. The increasing trend in PCE as PC¢;BM, PC7;BM, and
IC¢BA are used as electron acceptor in BHJ solar cells agrees well with previous observations.*"
* Briefly, the enhancement in PCE in P3HT:PC7;BM compared to that of P3HT:PCgBM is
primarily due to the enhanced absorption in the visible region and optimized nanoscale
morphology in P3HT:PC;;BM films.” P3HT:IC4BA solar cells have a higher V. (0.79 V) than
that of P3HT:PCBM devices (0.61 V), while the other photovoltaic parameters (Js. and FF) are
similar to those of P3HT:PCBM devices, resulting in higher overall power conversion

efﬁciency.4f’ 8
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Figure 3.4 Current density (J) — voltage (V) characteristics of P3HT:fullerene (1:1) solar cells.

We further compared the photovoltaic properties of BHJ solar cells based on the same
fullerene acceptor. PBTHDDT:PC;;BM and P3HT:PC7;BM solar cells showed similar
photovoltaic parameters (V, Jsc, and FF), and similar photovoltaic efficiency (3.75% vs. 3.70%).
Using PCg;BM as the acceptor in BHJ solar cells, we observe a 14% decrease in PCE for
PBTHDDT:PC¢BM devices, compared with that of P3HT:PC¢BM solar cells, with the slight
decrease in PCE being largely attributable to a comparable decrease in the Ji. due to the slightly
bluer absorption onset of PBTHDDT relative to P3HT. The observed increase in V. in
PBTHDDT:ICsBA devices is understandable considering the increased diagonal energy offset
A Epy = IE[Donor] — EA[Acceptor] of that blend.'® The decrease of J,. and FF in
PBTHDDT:IC4BA solar cells, compared with those of P3HT:IC4BA solar cells, is critical in
explaining the observed difference in photovoltaic properties. We therefore focused a detailed
study on the morphology, optical and photophysical properties of PBTHDDT:fullerene blend
films to look for the reason for the reduction in J,. and FF when ICBA 1is used as the electron

acceptor instead of PCBM.
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3.3.2. Morphology

Figure 3.5 shows bright-field transmission electron microscope (BF-TEM) images of the
nanomorphology of PBTHDDT:fullerene blend films (~80 nm thick) directly peeled off from the
solar cells. The images were taken at a slightly defocused condition to enhance the phase contrast
between polymer and fullerene, with fullerene-rich domains often appearing darker under
BE-TEM due to their higher density than the polymer-rich domains."! The TEM images of
PBTHDDT:PCs;BM and PBTHDDT:ICsBA blends showed similar nanomorphology (Figure
3.5¢, d), containing long fibrillar nanostructures. A low density of bright features were observed
in the PBTHDDT:IC4BA blend films (Figure 3.5¢e, f), possibly suggesting the presence of larger
aggregates in this blend. Similar aggregates were not observed in either P3HT:ICcBA (Figure
3.6¢e, f) or PBTHDDT:PCBM (Figure 3.5a-d) blend films. Overall, however we observe similar
morphology by TEM imaging among all three of our PBTHDDT:fullerene blends. We also used
atomic force microscopy (AFM) to characterize the surface topography of the active layer on the

actual solar cells. We present topographical AFM images for a 5 pm X 5 um region of each

PBTHDDT:fullerene blend film in Figure 3.7. All the blend films showed similar surface
topography with surface features less than 50 nm in height. The root-mean-square roughness (R,)
among these blend films was comparable, with values as follows: PBTHDDT:PC7BM (3.89 nm),
PBTHDDT:PCs;BM (4.05 nm), and PBTHDDT:ICsBA (3.54 nm). From these data we are
unable to identify an obvious large-scale source of morphological variation that could explain the
large efficiency differences between the different PBTHDDT/fullerene blends. Therefore, as we
discuss in the following sections, we turned to optical spectroscopy to examine the photophysical

and energetic differences between the films.
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Figure 3.5 TEM images of PBTHDDT:fullerene (1:2) blend films. (a,b) PBTHDDT:PC7BM,
(c,d) PBTHDDT:PCs;BM, and (e,f) PBTHDDT:ICsBA.

P3HT:PC,,BM | P3HT:PC,BM | = | P3HT:IC,BA

Figure 3.6 TEM images of P3HT:fullerene (1:1) blend films. (a,b) P3HT:PC7;BM, (c,d)
P3HT:PCs;BM, and (e,f) P3HT:IC4BA.
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Figure 3.7 AFM topographical images (5%5 um) of PBTHDDT:fullerene blend solar cells.

3.3.3 Photophysical Properties of Polymer:Fullerene Blends

Figure 3.8 compares the absorption spectra of PBTHDDT:PC7,BM, PBTHDDT:PC¢BM,
and PBTHDDT:IC¢BA blend films. The optical densities near 450 nm for the
PBTHDDT:IC¢BA and PBTHDDT:PCsBM blends are comparable (ca. OD = 0.24). As
expected, they are both lower than that of PBTHDDT:PC7,BM blends (ca. OD = 0.35). The
difference in optical density between the PC7;BM blend and the PC¢BM or IC¢BA blends is
due to the enhanced absorbance of PC;;BM in the visible region of the spectrum (Figure 3.4).
However, despite the similar optical density in PBTHDDT:PCs;BM and PBTHDDT:ICsBA
blend solar cells, the measured IPCE for the ICsBA device in this spectral region is 75% lower

than that of the PC4;BM device.
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Figure 3.8 UV-vis absorption spectra of PBTHDDT:fullerene blend films.

We employed spectroelectrochemical measurements and photoinduced absorption (PIA)
spectroscopy to understand the different photocurrent responses in our PBTHDDT:IC4BA solar
cells. Polaron optical signatures arising from photoinduced radicals are commonly observable
in the PIA spectra for polymer:fullerene blends.'? To identify the expected spectral signature for
PBTHDDT 'radical cation (polaron spectrum) Figure 3.9a shows a differential absorption (AOD
= ODoxidized = ODpewrar) spectrum for an electrochemically-oxidized neat film of PBTHDDT on
ITO (open circle trace in Figure 3.9a). The AOD spectrum exhibits a distinct oxidatively induced
absorption feature corresponding to absorption by the polymer cation at A = 790 nm labeled
PBTHDDT".

The PIA experiment is a pump-probe technique that measures the optical absorption of

long-lived excited states (e.g. polarons or triplets with lifetime, 7, on the order of ~ us — ms)

resulting from excitation by a frequency modulated monochromatic excitation source. We plot
the normalized differential transmittance data (AT/T) in terms of the differential thin film

absorption coefficient as Aad = -In[1+AT/T]. The solid black trace in Figure 3.9a representing
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the PIA spectrum (right y-axis) for a neat film of PBTHDDT (excitation at A = 455 nm), exhibits
a significantly different spectral fingerprint than the oxidized form of the polymer collected by
spectroelectrochemical methods, suggesting that few if any polarons are formed upon
photoexcitation of the neat film. At 80 K, the neat film exhibits a broad PIA feature that peaks at
ca. A = 1180 nm. The intensity of this NIR feature increases by two orders of magnitude upon
cooling from room temperature to T = 80K and exhibits non-dispersive decay with increasing
modulation frequency. Based on the temperature dependence, frequency dependence, and the
absence of any such feature in the spectroelectrochemical data in Figure 3.9a we assign this PIA
signal at A = 1180 nm to T;-T, absorption by PBTHDDT triplet excitons, probably generated via

intersystem crossing from the S; singlet state excited by 455 nm light.

(a) soNSalPBTHODTFims o0 (b) 40
40F E'_Blﬂum' Excited at 455 nm 1=
2 30f 5 =
3 3 15 x =
8 20 § 3 g
3 : 10 “« <
10F i 5
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Figure 3.9 a) Spectroelectrochemical differential absorption (open circles) of a PBTHDDT film
(AOD = ODoyidized - ODneurrar) showing an electrochemically induced PBTHDDT" polaron
absorption peak at A = 790 nm. The photoinduced absorption (PIA) spectrum (solid line, Excited
at 455 nm) on the right ordinate (Aad = -In[ 1+AT/T]) for a pristine film of PBTHDDT exhibits a
peak at A = 1170 nm consistent with polymer triplet absorption. AOD measured in
transmission mode on ITO in CH3CN:(C4Hg)4sN(ClOy). b) PIA spectra for PBTHDDT:Fullerene
blends (PC¢BM blend = filled circles, PC7;BM blend = open squares, and ICsBA blend = filled
triangles) when both components are excited at 455 nm. Peaks consistent with PBTHDDT
polarons at A = 850 nm are labeled PBTHDDT". Inset depicts the spectral region for A > 900
nm, where peaks consistent with fullerene anion generation are observed at A = 1030 nm
(PCs:BM, filled circles) and A = 1340 nm (PC7;BM, open squares). The weak feature at A =
1010 nm (filled triangles) is consistent with ICsBA™ generation. All Aad recorded at 80K
under 455 nm excitation modulated at 200 Hz.

81



The PIA spectra for PBTHDDT:fullerene blends under 455 nm excitation are presented in
Figure 3.9b. Note that the polymer and each of the fullerenes absorb 455 nm light. Thus, the
resulting PIA features arise from processes involving excitons created on either the donor or the
acceptor. Between the wavelength range A = 700 nm — 900 nm the PIA signals for each blend are
qualitatively similar, exhibiting sharp induced absorption features peaking at A = 850 nm
(slightly red shifted from the PBTHDDT" peak we observe by spectroelectrochemistry). Given
the resemblance of the PIA signals observed in this spectral region to that obtained for the
electrochemically oxidized polymer in Figure 3.9a, we assign this feature to a positive
PBTHDDT polaron on the polymer backbone. Fullerene anion peaks are also apparent in the
PIA spectra for PC7;BM (1340 nm)" and PCq;BM (1030 nm)"* (see inset Figure 3.9b). In
the ICqyBA-based blend an extremely weak feature near 1010 nm may also suggest the presence
of fullerene anion resulting when the sample is illuminated with 455 nm excitation. We note that
no discernible polymer triplet features appear at 1180 nm in any of the blends examined in
Figure 3.9b, suggesting that polymer excitons are quenched prior to intersystem crossing and
charge recombination to the polymer triplet state is negligible.

Although the optical densities (Figure 3.8) are nearly equivalent at the excitation
wavelength (A = 455 nm) for the PBTHDDT:IC4BA blend and the PBTHDDT:PCs;BM blend,

the PIA signature corresponding to PBTHDDT" polarons in the IC¢BA blend (Aad = 1.3 X

10*) is more than a factor of 2.5 lower than that observed for the analogous fullerene methyl

ester blend (PBTHDDT:PC¢;BM, Aad = 3.6 X 10™). This result suggests fewer long lived

charges are being formed per absorbed photon, and is in qualitative agreement with the lower
photocurrent density and IPCE measured for the corresponding ICs)BA devices.

Upon direct excitation of the fullerene, the PBTHDDT:ICsBA blends produce less
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photocurrent than the PBTHDDT:PC¢BM blend (Figure 3.2c), despite the fact that the two
different active layers show nearly equal absorption amplitude at 630 nm (Figure 3.8). Based on
this observation we hypothesized that photoinduced hole transfer from ICsBA singlet excitons
to PBTHDDT may not be occurring, which would indicate that charge generation in the
PBTHDDT:ICs0BA may primarily involve polymer exciton dissociation, with minimal
harvesting of fullerene excitons.

To test this hypothesis, we compared the PIA signal measured for PBTHDDT:IC4BA to
that measured for PBTHDDT:PC¢BM while selectively exciting the fullerene component at 630
nm. The PBTHDDT polymer is completely transparent at this wavelength; therefore, PIA signals
in the blend measured under 630 nm excitation originate uniquely from photoexcitation of the
fullerene. Figure 3.10a shows the resulting PIA data, with the signal magnitudes scaled by the

absorbed photon flux at the excitation wavelength (@ sps with unit of mol cm’? s'l). Importantly,

selectively exciting PCs;BM in the polymer blend leads to a significant population of
PBTHDDT" polarons (Aad/® sps ~ 2000 cm” s mol™ at 850 nm) in the PIA spectrum, indicating
that PCq;BM excitons reaching the PBTHDDT interface can undergo efficient charge transfer
quenching. However, when we selectively excite the fullerene in the PBTHDDT:ICgBA blend at
630 nm (triangles in Figure 3.10a) we observe no discernible induced absorption features. For
comparison, we have plotted Aad/® sps in Figure 3.10b for the PBTHDDT:PCsBM blend
collected using 455 nm (circles) and note that the PBTHDDT" polaron signal magnitude
obtained from selectively exciting PCs;BM is comparable to that obtained from concomitant
excitation of both blend components. Assuming a similar peak intensity ratio for excitation of the
fullerene in the PBTHDDT:ICsBA blend, we would expect to observe a PBTHDDT' PIA

feature with signal magnitude Aad/® ps =~ 720 cm® s mol™” appearing at 850 nm when the
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IC0BA in the blend is excited with 630 nm light. However, we observe instead an extremely
weak and poorly resolved feature in Figure 3.10a (triangles) at 850 nm (Aad/ @ ps =~ 315 cm’ s
mol ™) approaching the noise floor of our instrumentation (Aad/® zps =~ 100 cm® s mol™').  We

may take this as an upper limit for the relative dissociation efficiency of IC¢BA excitons
compared to PCs;BM excitons at the PBTHDDT interface, suggesting that the photoinduced hole

transfer efficiency of ICsBA excitons is less than 20% that of PCs;BM excitons.
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Figure 3.10 a) Photoinduced absorption (Aad) spectra scaled by the photon flux absorbed (®aps)
by selectively exciting the fullerene at 630 nm in PBTHDDT:Fullerene blends (PC¢;BM blend =
circles, IC4BA blend = triangles, PC;;BM = squares). b) Aad/®aps spectra collected when both
blend components are simultaneously excited at 455 nm for each PBTHDDT:fullerne blend
using the same illustration as in a). c¢) Modulation frequency dependence of the differential
transmittance (-AT/T =~ Aad) monitored at 850 nm (PBTHDDT" polaron peak) for the PC¢;BM
(circles) and ICqBA (triangles) blends in a) under 455 nm excitation. Decay parameters (1)
according to the inset model were obtained from dispersive fits (dashed lines) to the data as a
function of modulation frequency = w/(2m). All PIA data collected at 80K.

Finally, we plot the dependence of the normalized PBTHDDT" PIA signal intensity as a
function of modulation frequency in Figure 3.10c for PBTHDDT:ICsBA (triangles) and
PBTHDDT:PC¢BM (circles). The two traces exhibit nearly identical characteristic roll-off
behavior that may be fit using the simple dispersive decay model" presented in the inset of
Figure 3.10c, with nearly equivalent lifetime fitting parameters of t =~ 0.40 ms in both blends."®
Thus, the significantly lower PBTHDDT" signal obtained when exciting the PBTHDDT:ICsBA

blend at 455 nm in Figure 3.10a cannot be attributed to faster recombination in the
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PBTHDDT:ICsBA compared to the PBTHDDT:PCs;BM blend.

These data suggest that a portion of the polymer excitons in all of the polymer:fullerene
blends examined here leads to long-lived positive polarons on the polymer and negative polarons
on the fullerene. While PC7;BM and PC¢ BM excitons appear to undergo hole transfer at the
D/A interface, generating long-lived charges in the PBTHDDT:PCBM blends, excitons on the
ICsBA do not appear to efficiently produce long-lived charges at the D/A interface. We next
examine this result in the context of the expected driving forces for photoinduced charge
separation via electron and hole transfer in these blends.

3.3.4 Driving Force for Photoinduced Charge Transfer

To identify qualitative trends in the energy landscape resulting from PBTHDDT with
different fullerene acceptors we compare energies tabulated from cyclic voltammetry (CV for
thin film and solution samples measured in this work and compared against solution values taken

from literature)*™"’

with those derived from photoemission spectroscopy (PES).

Importantly, rather than using the common approximation of frontier orbital energies'® to
estimate the driving force for photoinduced charge separation we instead follow the established
electrochemical convention'’ of calculating the exited state oxidation potential (the potential
required to oxidize the material in its excited state) of the donor and the excited state reduction
potential (the potential required to reduce the material in its excited state) of the acceptor. We
extend this convention to the solid state ionization energy (/E), and the electron affinity (EA4) of
ground state materials compared to those in the excited state as previously proposed.”’ Using
the value of the singlet exciton energy Egap " we estimate the electron affinity of the excited state

(EAm+ m-)) as given by Equation 3.1a. Similarly, we calculate the excited state ionization energy

(IE(m+m#)) of the donor according to Equation 3.1b. We note that this convention is similar to the
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effective HOMO and effective LUMO convention used by Veldmann et al.?' in that it accounts
for the binding energy of the exciton. However, our convention differs with regard to the driving
force for generating separated charges being defined as the energy associated with a particular
exciton undergoing dissociation with a ground-state charge acceptor rather than splitting the
exciton binding energy between the HOMO and LUMO of each material and adding the

coulomb energy to calculate the energy of the bound charge transfer state.

EAoons = EAoany — E (3.1a)
IEqiims = IEquiny + Eg” (3.1b)
o-l. 1
T ——EA Electron Transfer
R (M/M-) )
T IE gy 'M* =M+ &
o €™ WEmNS=EA ) M+e—M
vV L N
\Ll_.ll IE(MHM")
>
o) e Hole Transfer
@ A
| o=
w

;ﬁ— EAuem M+ —M-

Donor Acceptor

Scheme 3.1 The driving force for charge separation proceeding through photoinduced hole
transfer indicated by the large white arrow labeled h” from the acceptor to the donor is related to
the difference in the excited state electron affinity (EAw+ m-) = white lines) of the acceptor
exciton (heavy-weight white line) and the ground state ionization energy (IEn+mn) = black lines
in lower ‘Hole Transfer’ panel) of the donor (heavy-weight black line in lower ‘Hole Transfer’
panel). Charge separation via hole transfer will occur spontaneously in donor/acceptor pairs for
which /Enm[Donor] is more positive than EAw+ mo[Acceptor]. The analogous electron
transfer process indicated by the large black arrow labeled e will be spontaneous when the
excited state ionization energy (/En:/m+* = black lines in upper ‘Electron Transfer’ panel) of the
donor (heavy-weight black line) is more positive than the ground state electron affinity (EA4wm-)
= dark grey lines) of the acceptor (heavy-weight dark grey line). Light-weight solid lines follow
the same shading scheme, with the black light-weight lines in the upper and lower panels
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depicting IEn+/m+ and IEn+w), respectively. The grey light-weight lines in the upper and lower
panels depict EAwim-) and EA4Aw#m-), Tespectively.

Following this convention, in Scheme 3.1 we illustrate that an acceptor material under
illumination with energy hAv = EgO”t will engage in spontaneous charge separation via hole
transfer to the donor if the value of E4 v+ wm-) for the acceptor is more negative than the value of
IE for the donor material. We assume the energy difference A Ey calculated from Equation
3.2a to satisfactorily approximate the change in free energy (AG)™ for charge separation via
photoinduced hole transfer. A similar analysis can be applied using Equation 3.2b to calculate
AFEgie to assess whether a given donor exciton is likely to undergo charge separation via electron

transfer to a given acceptor:

A Evole = EAv=mo[Acceptor] — IEnm[Donor] (3.2a)
A Egiec = EAowmo[Acceptor] — IE [ Donor] (3.2b)
Film CV Solution CV PES
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Figure 3.11 Excited state electron affinity values (E4#m-) = heavy-weight blue lines) relevant
for estimating whether photoinduced hole transfer (h") from each fullerene exciton to the
“Donor” polymer PBTHDDT (ground state ionization energy /E = heavy-weight red lines) will
occur spontaneously (/E[Donor] more positive than E4+m-[Acceptor]). The analogous electron
transfer process (¢) will be spontaneous when the excited state ionization energy (IEnwm+) =
black lines and defined numerically in the text) of the donor is more positive than the ground
state electron affinity (E4 = green lines) of the acceptor. “Film CV” denotes energies tabulated
from thin film cyclic voltammetry, “Solution CV” denotes energies tabulated from solution
cyclic voltammetry with PC7;BM from Ref. [17a], and PCsBM, IC¢BA from Ref. [8b]), and
“PES” denotes energies tabulated from ultraviolet photoemission spectroscopy (UPS) and
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inversion photoemission spectroscopy (IPES). Light-weight black and red lines depict IEnw+/m#)
and /En+w), respectively, green and blue light-weight lines depict EAnwmy and EAwemo,
respectively.

Using this convention, in Figure 3.11 we plot the estimated energies related to the driving
forces for photoinduced charge separation in our different PBTHDDT/fullerene blends. The CV
oxidation/reduction waves, ultra-violet photoemission spectroscopy (UPS), and inverse
photoemission spectroscopy (IPES) traces used to estimate energies relative to vacuum in Figure
3.11 are presented in Figure 3.12 and Figure 3.13, respectively, in Supporting Information. As
previously observed” PBTHDDT exhibits an irreversible oxidation wave in thin film as well as
solution, thus we must regard the /E plotted in Figure 3.11 based on the CV data as a lower limit,
with the true value possibly being slightly more positive. Photoelectron spectroscopy
measurements yielded a featureless spectrum for PBTHDDT where the density of states showed
an exponential decay into the band gap. Therefore an onset of the density of states is very hard to
place. The reason for this lies most likely in the long hydrocarbon side chains attached to the
polymer that commonly dominate the photoemission spectra and tend to shield the /E and EA
features. Given the potential inaccuracies in estimating absolute /E values for PBTHDDT using a
single method, we present self-consistent estimates for each material using three methods (film
CV, solution CV and film PES) in Figure 3.11, arriving at qualitatively equivalent conclusions

based on each method. We calculated the energy changes relevant for charge separation (A Eyole
and A Ege. calculated from Equation 3.2 and tabulated in Table 3.1) in PBTHDDT solar cells

from the /E and EA values in Tables 3.3 and 3.4.
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Figure 3.12 Solid-state cyclic voltammograms of fullerene derivatives and P3HT. Reduction
curves of PC71BM, PC¢BM, and IC¢BA, and oxidation curve of P3HT are shown. Reduction
and oxidation curves of thin film and solution cyclic voltammograms of PBTHDDT are also
shown. Scan rate = 100 mV/s.
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Figure 3.13 a) Combined UPS and IPES spectra of films of pure PCs;BM, PBTHDDT, PC7,BM,
and IC¢BA deposited on ITO. The curves are shifted in vertical direction for clarity. b) The
resulting energy level alignment diagram from the UPS and IPES measurements.

Table 3.3 Energies relevant to charge separation via hole transfer.

Material 1E(M+/M) EA(M*/M—) IE(M+/M)ﬁ’om EA(M*Aw,)ﬁOM IE(M+/M) EA(M*/M,)
from Film from Film Solution CV Solution CV[a] from from PES
cv CV [b] [b] PES [b]
PBTHDDT -5.58 - -5.63 - -5.31 --
PC; BM -- -5.78 -- -5.72 -- -5.42
PC¢ BM -- -5.61 - -5.68 -- -5.43
1CsBA -- -5.49 -- -5.46 -- -5.24

[a] Energies in eV tabulated based on Ref. [17a]. [b] Excited state EA calculated based on
Equation 3.1a.
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Table 3.4 Energies relevant to charge separation via electron transfer.

Material 1E, (M+/M*) EA (M/M-) 1E, (M+/M¥), fl’ om EA (M/M—)ﬁ om 1E (M+/M*) EA (M/M-)
from Film from Film  Solution CV [b] Solution CV/[a] from PES  from PES
CV [b] cv [b]
PBTHDDT -3.50 -- -3.55 -- -3.23
PC;BM -- -3.97 -- -3.91 -- -3.61
PCsBM -- -3.84 -- -3.91 -- -3.66
1CsBA -- -3.77 -- -3.74 -- -3.52

[a] Energies in eV tabulated based on Refs. [8b] and [17a]. [b] Excited state IE calculated based
on Equation 3.1b.

From the values plotted in Figure 3.11 we conclude that charge separation by forward
electron transfer from photoexcited PBTHDDT to each of the fullerenes should be spontaneous,
(IEm+m#)[Donor] > EAm-)[Acceptor] giving AEgi.. < 0 based on Equation 3.2b). On the other
hand, we anticipate spontaneous hole transfer from photoexcited PC; BM to PBTHDDT
(IEa+man[Donor] > EA#mo[Acceptor] giving AEyqe < 0), but not from ICsBA to PBTHDDT
(IEa+mnn[Donor] < EA#mo[Acceptor] giving AEyqe > 0). Since the value of /Ew+w[Donor] is
nearly equal to EA4n+m-[Acceptor] for PCs1BM paired with PBTHDDT, the energy difference
for hole transfer among each method is negative, with an average value of only AEye = -0.070
eV, suggesting that, while photoinduced hole transfer will be spontaneous, the driving force is
relatively small. We arrive at qualitatively identical conclusions based on the solution
electrochemical data for PBTHDDT (Figure 3.12) compared against the solution reduction
potentials of PC7;BM, PC¢BM, and IC¢BA previously reported literature values.®

Importantly, the CV and PES data can account for the experimental device and PIA data
(dramatically reduced photocurrent and PIA signal when selectively exciting IC¢BA) only when
the state conventions are used. As seen from the positions of the thin lines in Figure 3.11, a
simple analysis based on the position of the ground state EA/IE values (or HOMO/LUMO levels

as is sometimes casually referred to in the OPV literature), suggests that each of the fullerene
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blends examined here should form a staggered type-II heterojunction with PBTHDDT and thus
should support both excited-polymer-to-fullerene electron transfer, and
excited-fullerene-to-polymer hole transfer. In contrast, use of the excited state EA/IE values also
predicts that the photoexcited polymer should transfer an electron to all three fullerenes, but
correctly predicts that only the photoexcited PCs;BM and PC7;;BM (but not ICsBA) should
transfer a photoexcited hole back to the polymer.

While we have focused on the primary loss in EQE above, there is also a difference in FF
between the PCqBM and IC¢BA blends. There are several possible origins for this FF
difference in the context of our findings. First, the value of E4An+m. for ICsBA 1is slightly more
positive than that of /En:m) for PBTHDDT, suggesting that photogenerated charges in the
ICcBA blend might have an additional thermodynamically plausible pathway for charge
recombination (i.e. free charges may recombine to form ICsBA singlet excitons). Free charges
engaging in this additional recombination process would lead to diminished FF for
PBTHDDT:ICsBA devices compared with PCBM devices. However, attempts to test this
hypothesis via photoluminescence have been inconclusive, since we observe overlapping
fluorescence from both blend components in all three PBTHDDT blends that we have examined.
Moreover, as discussed above, in both PCs;BM and ICBA blends we observe a nearly identical
polaron lifetime (based on the modulation frequency dependence in our photoinduced absorption
measurements). These results could thus also be consistent with the result of differences in field
dependent charge carrier separation/geminate recombination rates arising from the lower driving
force for electron transfer from the polymer to ICsBA compared to PCe;BM.

Finally, we note that Forster resonant excitation transfer (FRET) from the donor polymer to

the fullerene has been observed for many polymer:fullerene systems,” when the singlet excited
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state of the donor is higher in energy than that of the acceptor. Since the S; energy of the
PBTHDDT is roughly 360 meV above that of ICsBA, it is likely that the FRET process from
PBTHDDT to IC¢BA competes with exciton dissociation from the polymer. Although we
cannot observe distinct transient species indicative of this FRET process in our quasi-steady state
photoinduced absorption measurement, we believe it is likely that the origin of the poor overall
polaron generation and low photocurrent in these ICsBA devices arises from singlet excitation
transfer from the polymer to the fullerene and extremely poor fullerene exciton dissociation. This
is reflected in the IPCE of PBTHDDT:IC4BA being 53% lower and the PIA signal being 63%
lower than the PBTHDDT:PCs;BM when both the polymer and the fullerene are excited at 455
nm, despite the two blends exhibiting identical decays with increasing modulation frequency.
3.4. Conclusions

We have investigated the impact that modulating the driving force for photoinduced hole
transfer has on the photovoltaic properties of bulk heterojunction solar cells using an
oxidation-resistant copolymer semiconductor, PBTHDDT, and various fullerene derivatives. We
found that solar cells based on PBTHDDT:PC;BM, PBTHDDT:PCsBM and
PBTHDDT:IC¢BA blends showed average efficiency of 3.75%, 2.70%, and 1.52% PCE,
respectively. At a coarse level we observe similar nanoscale features among the different
PBTHDDT:fullerene blends by TEM and AFM imaging. While these data do not address
molecular level packing and orientation effects, they suggest that large-scale morphological
changes are unlikely to be the source of the significant observed variation in photovoltaic
performance. Photophysical studies of the PBTHDDT:fullerene blends showed that all the
PBTHDDT:fullerene blends generated long-lived positive polarons in PBTHDDT and negative

polarons on the fullerene upon photoexcitation of the polymer. While fullerene excitons in
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PBTHDDT:PC7,.BM and PBTHDDT:PCsBM blends appear to undergo photoinduced hole
transfer at the donor/acceptor interface to generate long-lived polarons, selective excitation of the
fullerene in PBTHDDT:1Cs)BA blends does not efficiently produce long-lived charges. Thus, at
least part of the low photocurrent observed in the PBTHDDT:ICsBA blend solar cells is
attributable to the low quantum yield for charge generation/separation of ICsBA excitons. We
attribute this low dissociation efficiency to the small driving force for hole transfer at the
polymer/IC¢BA interface being insufficient to sustain efficient charge separation. Comparing
these results with the CV and PES data, we find they are consistent in a state energy level picture
but not a simplified frontier orbital picture. While our analysis is based purely on thermodynamic
parameters, we point out that kinetic factors can also play an important role in determining
overall charge separation efficiency in some systems, as previous authors have suggested.”> **
Although the fullerene itself is not responsible for the bulk of the light absorption in this
blend, energy transfer from the polymer to the fullerene has been proposed in many systems,”
and poor fullerene exciton dissociation could thus represent a significant loss mechanism.
Neglecting undetected morphological changes, our results would suggest that the efficiency of
fullerene exciton dissociation at the polymer/fullerene interface drops by ~ 80% when PCsBM

is replaced with ICsBA in PBTHDDT:fullerene blends. These results provide an important

guide for materials design and device engineering in bulk heterojunction polymer solar cells.
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Chapter 4 Optimization of the Nanoscale Morphology of
Non-Fullerene Acceptor-Based Bulk Heterojunction Polymer Solar
Cells via Processing Additives

4.1 Introduction

Organic photovoltaic cells are of growing interest because they offer a potential low cost
alternative to current solar energy technologies.'” Considerable advances have recently been
made in increasing the efficiency of bulk heterojunction (BHJ) polymer solar cells,’ in which an
electron-donor polymer and an electron-acceptor material are blended to make the active
photovoltaic layer.za’b The most commonly employed electron-acceptor materials are fullerene
derivatives, including [6,6]-phenyl C61-butyric acid methyl ester (PCBM)* and [6,6]-phenyl
C71-butyric acid methyl ester (C71-PCBM).’ These fullerene-based electron acceptors have
many advantages in photovoltaic devices, including a deep-lying lowest unoccupied molecular
orbital (LUMO, ~3.8-4.2 ¢V),’ reversible reduction with ability to accept up to six electrons,*
ultra-fast three-dimensional charge transfer,'® and high electron mobility.” However, the almost
negligible absorption of fullerene acceptors in the solar spectrum region dictates that the
light-harvesting of BHJ solar cells using them is limited by the optical absorption of the donor
materials. In addition, fullerene acceptors have poor photochemical stability in air and their
spherical geometry leads to morphological instability of blends with linear polymers. The
development of new non-fullerene acceptor materials is thus an important goal in organic
photovoltaics.

Several non-fullerene n-type small molecules have been synthesized and studied as

acceptors in bulk heterojunction solar cells.'™® Perylene diimide derivatives, are among the most
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studied non-fullerene acceptors, and have yielded photovoltaic properties as high as 1.87%
power conversion efficiency (PCE).”'® Other n-type small-molecule acceptors include vinazene
derivatives,'' cyanopentacenes,'” '* bifluorenylidene,” and diketopyrrolopyrrole derivatives.'
The highest efficiency achieved with typical classes of small-molecule acceptors are 1.29% PCE
in cyanopentacene,12b 14% PCE in vinazene derivatives,)" and 1% PCE in
diketyopyrrolopyrrole derivatives.'* In addition to the design and synthesis of new n-type small
molecules for more efficient polymer solar cells, new methods for the processing and
optimization of non-fullerene BHJ solar cells are equally needed.

Towards the optimization of the photovoltaic properties of fullerene-based BHJ solar cells,
various approaches have been proposed to manipulate the morphology of polymer blend films,"
including slow-drying (film aging and solvent annealing),'® thermal annealing,'” self-assembled

18,19

polymer nanowires, and processing additives.”” The use of processing additives in the

optimization of the photovoltaic properties of polymer/fullerene blends has been shown to be

effective in many systems including P3HT/PCBM,** *!

and low-bandgap polymer/PCBM
blends.”™2%® In the case of P3HT/PCBM blends, the processing additive appears to enhance the
photoresponsivity in the blend films, increase the charge carrier mobility, and increase the
crystallinity of the P3HT phase.””° In the case of low-bandgap polymer/PCBM blends, the
enhancement in photovoltaic properties is attributed to the increased charge carrier generation
efficiency as a result of the formation of a bicontinuous nanomorphology.20‘1’b However, these
approaches, especially the use of processing additives, are yet to be fully explored in the
optimization of the photovoltaic properties of non-fullerene BHJ polymer solar cells.

In this chapter, we report the use of a processing additive in the optimization of bulk

heterojunction (BHJ) polymer solar cells based on a non-fullerene acceptor,
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N,N’-bis(2-ethylhexyl)-2,6-bis(5”-hexyl-[2,2°;5°,2” |terthiophen-5yl)-1,4,5,8-naphthalene diimide
(NDI-3TH),** whose molecular structure and HOMO/LUMO energy levels are shown in Figure
4.1a. We show that the power conversion efficiency of BHJ solar cells based on blends of
poly(3-hexylthiophene) (P3HT) and NDI-3TH can be enhanced 10-fold by wusing a
1,8-diiodooctane processing additive in conjunction with a P3HT electron-blocking layer and a
1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl)benzene (TPBI) hole-blocking layer. The optimum
concentration of the processing additive was found to be 0.2 vol%, which is substantially lower
than the 2-3 vol% optimum concentration previously found in polymer/fullerene systems. It is
shown that the nanomorphology and photovoltaic properties of the P3BHT:NDI-3TH blend films
are optimized at the 0.2 vol% concentration of the processing additive whereas micrometer-sized
NDI-3TH domains with poor connectivity are found at high concentrations (>0.5 vol%) of the
processing additive. The results demonstrate for the first time that processing additives can be
profitably used to improve the nanomorphology and power conversion efficiency of BHIJ

polymer solar cells based on non-fullerene acceptors.
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Figure 4.1 (a) Molecular structures and HOMO/LUMO energy levels of BHJ solar cell materials:
donor P3HT and acceptor NDI-3TH. (b) Current density — Voltage characteristics of
P3HT:NDI-3TH (1:3 wt/wt) blend solar cells fabricated with different concentrations of the
processing additive DIO (in volume%).
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4.2 Experimental Section

4.2.1 Materials. Regioregular poly(3-hexylthiophene) (P3HT) (My, = 35.40 kDa, PDI = 2.45)
was purchased from Rieke Metals. The synthesis and characterization of
N,N’-bis(2-ethylhexyl)-2,6-bis(5”-hexyl-[2,2°;5°,2” [terthiophen-5yl1)-1,4,5,8-naphthalene diimide
(NDI-3TH) was reported elsewhere, and the HOMO/LUMO energy levels were determined by
cyclic voltammetry.”* 1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl)benzene (TPBI, sublimed) was
purchased from SynTec, a division of Sensient Imaging Technologies GmbH. Anhydrous

dichloromethane (DCM, = 99.8%, contains 50-150 ppm amylene stabilizer), anhydrous
chloroform (=99%) and 1,8-diiodooctane (DIO) were obtained from Sigma Aldrich and used

without further purification.
4.2.2 Fabrication and Characterization of Solar Cells. A P3HT:NDI-3TH (6 mg mL™, 1:1
wt/wt) solution in DCM was prepared and stirred at 80 ‘C overnight until complete dissolution.
The resulting solution was cooled to room temperature (20 °C) and stored undisturbed for two
days before device fabrication.

Solar cells were fabricated on indium tin oxide (ITO) glass substrates. ITO substrates (10

Q /0, Shanghai B. Tree Tech. Consult Co., Ltd, Shanghai, China) were cleaned sequentially

with acetone, deionized water and isopropyl alcohol in an ultrasonic bath, and blown with
nitrogen until dried. A 40 nm PEDOT:PSS (Clevios P VP Al 4083) layer was spin-coated on top
of the ITO and dried at 150 C for 10 min under vacuum. For solar cells with a P3HT
electron-blocking buffer layer, P3HT (8 mg mL™) in ortho-dichlorobenzene (ODCB) solution
was spin-coated on top of the PEDOT:PSS layer, aged in a Petri dish for 5 min and thermally

annealed at 150 ‘C for 5 min. The thickness of the P3HT buffer layer was 15 nm. The

101



P3HT:NDI-3TH blend solution was then spin-coated on top of the P3HT buffer layer for 18 s in
a glovebox to make a BHJ active layer of ~70 nm. For solar cells without a P3HT buffer layer,
the blend solution was spin-coated directly on top of the PEDOT:PSS layer. The active layer was

then dried in vacuum for 2 hours or annealed at 100 ‘C for 10 min. The substrates were then

loaded in a thermal evaporator (BOC Edwards, 306) to deposit a cathode composed of 1.0 nm

LiF (or 3 nm TPBI) and 80 nm Al under high vacuum (8 X 107 torr). Five solar cells, each with

an active area of 4 mm?, were fabricated per ITO substrate.

Current — voltage characteristics of the non-encapsulated solar cells were obtained using an
HP4155A semiconductor parameter analyzer in ambient laboratory air. The illumination (AM1.5
at 100 mW/cm?) was provided by a filtered Xe lamp and calibrated by using a calibrated Si diode
from the National Renewable Energy Lab (NREL, USA).

4.2.3 Characterization of Morphology and Absorption Spectra. Atomic force microscopy

(AFM) imaging (5X5 pm area) was done using a Dimension 3100 SPM (Veeco) instrument

operating in tapping mode. To obtain a thin film of P3HT:NDI-3TH active layer for bright field
transmission electron microscope (BF-TEM) imaging, the substrate was first scratched, and
soaked in deionized water. The active layer was then peeled-off the substrate, supported on a
TEM grid (Electron Microscopy Sciences, Inc.), and dried. An FEI Tecnai G* F20 TEM operated
at 200 kV was employed for BF-TEM imaging. Images were slightly defocused to enhance the
phase contrast between the P3HT and NDI-3TH, and were acquired with a CCD camera and
recorded with Gatan DigitalMicrograph software.

UV-vis absorption spectra were recorded with a Perkin-Elmer model Lambda 900
UV/vis/near-IR spectrophotometer on P3HT:NDI-3TH blend films spin-coated on top of

ITO/PEDOT:PSS/(P3HT) substrates, following the same processing conditions as for the solar
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cells. The film thickness was determined by using an Alpha-Step 500 profilometer
(KLA-Tencor).
4.3 Results and Discussion
4.3.1 Effects of Processing Additives on Morphology and Photovoltaic Properties

We investigated the photovoltaic properties of P3HT:NDI-3TH blends (1:3 wt/wt) in BHJ
solar cells processed from chloroform solutions without and with various concentrations of DIO
additive. The solar cells have the basic device structure of ITO/PEDOT:PSS/P3HT:NDI-3TH
(1:3)/LiF/Al and were fabricated and tested under AMI.5 solar illumination at 1 sun (100
mW/cm?) in ambient air. The current density (J) — voltage (V) curves for these devices are shown
in Figure 4.1b. The photovoltaic parameters, of devices fabricated without and with a processing
additive, including the open circuit voltage (V,.), the short-circuit current density (Js.), and fill
factors (FF) are collected in Table 4.1. A power conversion efficiency (PCE) of 0.34% was
obtained without a processing additive. However, the use of a processing additive in fabricating
devices from chloroform led to a large decrease in performance. For example, the use of 0.2
vol% DIO already led to a reduction of the photovoltaic efficiency of P3HT:NDI-3TH (1:3)
devices from 0.34% to 0.01% PCE. The use of DIO seemed to increase the V.. while
dramatically reducing Ji. by a factor of 10. The photovoltaic efficiency of P3HT:NDI-3TH
devices progressively decreased with increasing DIO concentration (Table 4.1), reaching 0.001%
PCE at a 3.0 vol% DIO. We note that 2.0-3.0 vol% DIO is the optimal concentration range that
has yielded the best photovoltaic properties in many polymer:fullerene (PCBM) blends.? 20+ 2!
3 Clearly, the present results imply that a processing additive functions differently in processing

P3HT:NDI-3TH blend devices compared to conventional polymer:fullerene solar cells.

103



Table 4.1 Photovoltaic properties of P3HT:NDI-3TH (1:3 wt/wt) blend solar -cells:
ITO/PEDOT:PSS/active layer/LiF/Al.

DIO additive Voo Jse FF PCE pnax PCE,..
(vol%) V] [mA/cm’] [%] [%]

0 0.69 1.76 0.29 0.34 0.32+0.03
0.2 0.87 0.10 0.21 0.02 0.013+0.006
0.5 0.86 0.17 0.23 0.03 0.02+0.01
0.8 0.75 0.011 0.26 0.002 0.002+0.00
1.0 0.70 0.013 0.24 0.002 0.0020.00
3.0 0.56 0.007 0.39 0.001 0.001+0.00

The devices were processed from chloroform solvent containing DIO additive (vol%).

To better understand the large negative effect of a processing additive (DIO) on the
photovoltaic properties of P3HT:NDI-3TH blends, we have investigated the photophysics and
morphology of the BHJ solar cell films. The normalized UV-vis absorption spectra of the
P3HT:NDI-3TH blend films were recorded prior to the deposition of the LiF/Al cathode (Figure
4.2). Only a small progressive red-shift of the absorption maxima around ~400 nm and ~700 nm
was observed, which is consistent with previous observation of the optical properties of

20a,b, 21

polymer:PCBM blends processed via additives. However, the observed huge decrease in

PCE cannot be explained by the observed absorption spectra.
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Figure 4.2 Normalized UV-vis spectra of P3HT:NDI-3TH (1:3 wt/wt) blend films processed
from chloroform with various DIO concentrations.
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Bright-field transmission electron microscope (BF-TEM) imaging was used to investigate
the nanomorphology of the BHJ P3HT:NDI-3TH blend films directly peeled off from the solar
cells and the results are shown in Figure 4.3. The pristine P3HT:NDI-3TH blend obtained
without a processing additive showed a well-mixed nanomorphology (Figure 4.3a).
P3HT:NDI-3TH blend films processed from a solution containing 0.2 vol% DIO show a
phase-separated morphology (Figure 4.3b), with domains of aggregated NDI-3TH molecules on
the scale of >400 nm. Such large domains would result in a decrease in interfacial area between
donor and acceptor and thus reduction in charge carrier photogeneration and PCE. As the volume
percentage of DIO in solution increased, NDI-3TH domains in the P3HT:NDI-3TH blend films
increased as well. Processing from a solution containing 0.8 vol% DIO resulted in visible
NDI-3TH nanorods with ~400 nm in diameter and several um in length (Figure 4.3d). The
efficiency of the corresponding solar cells was only 0.002% PCE, a factor of 170 reduction
compared to devices processed without DIO. As the amount of DIO in solution increased further,
the number density and dimension of the NDI-3TH nanorods increased, resulting in macrophase
separated films with negligible photovoltaic properties (Figure 4.3f). We conclude that the
deterioration in photovoltaic properties when DIO was used as a processing additive is a result of
the large domains of the phase-separated P3BHT:NDI-3TH blend, caused by the DIO-induced
aggregation of NDI-3TH molecules. The large NDI-3TH aggregates present in DIO-processed
P3HT:NDI-3TH blends are likely to have direct contact with the anode (PEDOT:PSS), which
would negatively impact the performance of the solar cells. We note that simply reducing the
NDI-3TH weight ratio in the P3HT:NDI-3TH blend did not help to prevent the processing

additive - induced aggregation of the NDI-3TH acceptor molecules.
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different concentrations of the processing additive DIO in chloroform solutions: a) 0 vol% DIO;
b) 0.2 vol% DIO; c¢) 0.5 vol% DIO; d) 0.8 vol% DIO; e)1.0 vol% DIO; f) 3.0 vol% DIO.

4.3.2 P3HT:NDI-3TH Blend Solar Cells Using Dichloromethane as Solvent

We explored dichloromethane (DCM, boiling point = 40 ‘C) as an alternative processing
solvent to chloroform (b.p. = 62 “C). Although both are good solvents for NDI-3TH,

dichloromethane is a poorer solvent for P3HT than chloroform. DCM has been found to be a
marginal solvent for the growth of nanowires of poly(?;-alkylthiophene)s.18’1%'01 Initial
investigation of three P3HT:NDI-3TH blend ratios (1:1, 1:2, and 1:3 wt/wt) showed that unlike
chloroform-processed blends in which 1:3 weight ratio gave the best PCE, the 1:1 blend ratio
showed the best photovoltaic properties in DCM-processed BHJ solar cells. We therefore
focused a detailed investigation of the photovoltaic properties and morphology of

P3HT:NDI-3TH (1:1 wt/wt) blends.
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P3HT:NDI-3TH (1:1 wt/wt) solar cells were fabricated from DCM solutions without and
with various DIO concentrations. Figure 4.4 shows the J-V curves of the P3HT:NDI-3TH (1:1
wt/wt) blend solar cell without a processing additive. The diode characteristics, such as the
rectification ratio, are enhanced compared with those of the chloroform-processed diodes. A
maximum efficiency of 0.16% PCE and an average of 0.14£0.01% PCE were achieved (Table
4.2). P3BHT:NDI-3TH (1:1) blend solar cells processed from DCM solutions containing different
DIO concentrations (0.1, 0.2, 0.5, 1.0 and 2.0 vol%) were fabricated and characterized and the
J-V curves are shown in Figure 4.4b. The photovoltaic parameters are summarized in Table 4.2.
Compared with the device processed without an additive, P3HT:NDI-3TH (1:1) blend solar cells
processed using DIO additive showed that the V. increased from 0.61 V to 0.80 V at 2.0% DIO.
However, both J;. and FF exhibited maxima at 0.2% DIO, with peak values of 2.52 mA/cm? and
0.35, respectively. These photovoltaic parameters translate to an average efficiency of 0.58 =
0.04% PCE. The photovoltaic properties decreased as the concentration of DIO progressively

increases to 2.0 vol%.
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Figure 4.4 (a) Current density — Voltage curves of P3HT:NDI-3TH (1:1) blend solar cells
processed from DCM. (b) Current density — Voltage characteristics of P3HT:NDI-3TH (1:1)
blend solar cells processed from DCM solutions of various DIO concentrations (vol%). (c)
UV-vis absorption spectra of P3HT:NDI-3TH (1:1) blend films processed from solutions of
various DIO concentrations (vol%).

Table 4.2 Effects of DIO concentrations on the photovoltaic properties of P3HT:NDI-3TH (1:1
wt/wt) blend solar cells: ITO/PEDOT:PSS/active layer/LiF/Al.

DIO additive V Jee FF PCE nax PCE..

(vol%) V] [mA/cm’] [%] [%]

0 0.61 0.80 0.32 0.16 0.14+0.01
0.1 0.73 1.43 0.31 0.32 0.26+0.04
0.2 0.70 2.52 0.35 0.61 0.580.04
0.5 0.77 1.92 0.32 0.46 0.41£0.04
1.0 0.79 0.78 0.26 0.16 0.14+0.02
2.0 0.80 0.11 0.25 0.02 (9+8)x107

The devices were processed from dichloromethane solvent containing DIO additive (vol%).

In an effort to understand the effect of DIO additive in P3HT:NDI-3TH blend devices
processed from DCM, we investigated the absorption spectra and morphology of
P3HT:NDI-3TH blend films. The normalized UV-vis absorption spectra recorded from the actual
solar cells are shown in Figure 4.4c. The line shape of the spectra and absorption maxima vary
only slightly with the DIO concentration in the processing solution. Absorption peaks in the
range of 500-600 nm are seen to decrease in intensity as the amount of DIO increases to above
1.0 vol%. Because NDI-3TH has no absorption peaks in this spectral region,* this decrease is

likely caused by the disruption of the P3HT phase due to aggregation of NDI-3TH molecules.
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The absorption edge around ~710 nm in the blend processed without DIO additive red-shifts
with increasing amount of DIO in solution, indicating an increased order in NDI-3TH phase®™ as
P3HT has negligible absorption in this region.

Bright-field transmission electron microscope (BF-TEM) images of the P3HT:NDI-3TH
(1:1) blend films processed from DCM solutions without and with DIO additive are shown in
Figure 4.5 and Figure 4.6. The images were taken at a slightly defocused condition to enhance
the phase contrast, which originates from density difference.’* The TEM image of the
P3HT:NDI-3TH blend film processed without DIO additive, as shown in Figure 4.5a, reveals a
well-mixed, bicontinuous, percolated morphology, with P3HT nanowires dispersed evenly in the
NDI-3TH matrix. Some aggregated NDI-3TH domains of ~500 nm are visible. As the amount of
DIO in solution increases to 0.2 vol%, NDI-3TH forms interconnected, well-woven pathways for
charge transport, while P3HT domains remain in nanowire network (Figure 4.5c and 4.6¢c). The
enhanced photovoltaic properties observed for this processing condition may result from better
charge carrier photogeneration and transport facilitated by this morphology. Clear large-scale
phase separation is seen in blends processed with 0.5% and 1.0% DIO. The connectivity between
these large domains is limited, resulting in loss of efficient charge photogeneration and transport.
In the case of P3HT:NDI-3TH blends processed with 2.0% DIO (Figure 4.5f and 4.6f), large

“flakes” of NDI-3TH with disrupted boundaries are observed, which could explain the rather

poor photovoltaic efficiency (0.02% PCE).
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Figure 45 TEM images of P3HT:NDI-3TH (1:1 wt/wt) blend films processed from
dichloromethane solutions containing different DIO concentrations (vol%).

&dv nm_5o. %4 DIO 2.0%

Figure 4.6 TEM images of P3HT:NDI-3TH (1:1) blend films processed from dichloromethane
with various DIO concentrations.
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We suspected that the surface morphology may also be modified as the concentration of
DIO additive increases, and therefore used atomic force microscope (AFM) to study the surface

morphology of the actual solar cells. The topographical AFM images with size of 5 X 5 bm

are shown in Figure 4.7. The root-mean-square (RMS) surface roughness of each device was
measured, and a clear increase of surface roughness (from 4.89 nm to 16.5 nm) with increasing
DIO concentration in the processing solution was observed. The increase in surface roughness is
due to the aggregation of molecules at the surface. AFM phase images, shown in Figure 4.8,
indicated that the surface aggregates are primarily NDI-3TH small molecules. Combining the
information from both TEM and AFM imaging, we can say that the use of DIO in processing
P3HT:NDI-3TH blends modifies the phase distribution in the blends in the horizontal as well as
on the surface of blend films. Furthermore, processing with 0.2 vol% DIO gives the best
photovoltaic properties of P3HT:NDI-3TH blends. It is well-known that for PCBM-based
polymer solar cells, the best concentration of a processing additive is in the range 2.0-3.0 vol%,>
20a.b. 21, 23 which is significantly different from our finding of 0.2 vol% DIO in the case of
P3HT:NDI-3TH blend solar cells. The exact reason for the reduced optimal amount of a
processing additive in non-fullerene small-molecule/polymer solar cells remains unknown.

Possible reasons include the different molar mass, solubility, and mode of interaction between

the acceptor and polymer chains.
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Figure 4.7 AFM topographical images of P3HT:NDI-3TH (1:1) processed from
dichloromethane with various DIO concentrations. The size of image is 5 x 5 pm.

500

Figure 4.8 AFM phase images of P3HT:NDI-3TH (1:1) processed from dichloromethane with
various DIO concentrations. The size of image is 5 X 5 pm.

4.3.3 Effects of an Electron-Blocking Buffer Layer
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Because of the ambipolar charge transport nature of NDI-3TH,* we suspected that
unintentional loss of charge carrier could take place at the interface between active layer and
electrodes. We thus investigated the effects of an electron blocking layer or a p-type buffer layer
on the photovoltaic properties of P3HT:NDI-3TH (1:1) blend solar cells processed with 0.2 vol%
DIO additive. We selected P3HT as a suitable p-type semiconductor that can function as an
electron blocking layer while enabling orthogonal fabrication of the P3BHT:NDI-3TH active layer.
Solar cells processed without and with a DIO additive were fabricated with the device structure
of ITO/PEDOT:PSS/P3HT/P3HT:NDI-3TH (1:1)/LiF/Al and a 15 nm P3HT electron-blocking
(buffer) layer. J-V curves of solar cells processed with various DIO concentrations are shown in
Figure 4.9a. The associated photovoltaic parameters are summarized in Table 4.3. Incorporation
of a P3HT electron-blocking layer without processing with a DIO additive results in a decrease
in efficiency (0.09% PCE) compared with devices without an electron blocking layer. However,
an increase in PCE was seen in P3HT/P3HT:NDI-3TH (1:1) blend solar cells when processed via
a DIO additive (0.1 — 0.5 vol%). P3HT:NDI-3TH blend solar cells incorporating an electron
blocking layer and processed with 0.2 vol% DIO had a maximum efficiency of 0.77% PCE,
representing a 26% increase compared with devices without the P3HT electron blocking layer
(0.61% PCE). In this case, the primary contributing factor is an increase in Js, although V,. and
FF also increased slightly. We note that as the concentration of DIO in the processing solution
increased further to 1.0 - 2.0 vol%, the efficiency of the P3HT:NDI-3TH blend devices
containing P3HT electron-blocking layer decreased significantly (Table 4.3). The observed
decrease of the photovoltaic properties of P3HT:NDI-3TH blend solar cells containing P3HT
electron-blocking layer when processed from solutions containing higher amounts (>0.2 vol%)

of DIO can be explained by the previously discussed morphological changes associated with
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NDI-3TH aggregation (Figure 4.3 and 4.5).
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Figure 4.9 (a) Current density — Voltage curves of P3HT/P3HT:NDI-3TH (1:1) blend solar cells
processed from DCM with various DIO concentrations (vol%). (b) UV-vis absorption spectra of
P3HT/P3HT:NDI-3TH (1:1) blend films processed from solutions of various DIO concentrations
(vol%).

Table 4.3 Effects of P3HT buffer layer on the photovoltaic properties of P3HT:NDI-3TH (1:1
wt/wt) blend solar cells: ITO/PEDOT:PSS/P3HT/active layer/LiF/Al.

DIO additive Voo e FF PCE PCE,..
(vol%) [V] [mA/cm’] [%] [%]

0 0.59 0.53 0.29 0.09 0.08+0.005
0.1 0.70 1.73 0.27 0.33 0.32+0.01
0.2 0.71 2.93 0.37 0.77 0.72£0.04
0.5 0.76 1.87 0.37 0.52 0.43+0.05
1.0 0.81 0.20 0.27 0.042 0.02+0.01
2.0 0.78 0.08 0.26 0.015 (9+£4)x10°

The devices were processed from dichloromethane solvent containing DIO additive (vol%).

The UV-vis absorption spectra of P3HT/P3HT:NDI-3TH (1:1) blend films processed with
various DIO concentrations are shown in Figure 4.9b. Compared with P3HT/P3HT:NDI-3TH
blend films processed without a DIO additive, the absorption intensity in the 500-600 nm region
is seen to decrease with various amount of DIO concentration, reaching the lowest intensity
when 0.5 vol% DIO is used. The absorption peak at ~710 nm in the blend films processed
without an additive red-shifts to ~730 nm as the amount of DIO in solution increases. Comparing

the UV-vis spectra of P3HT:NDI-3TH blend films processed with DIO additive and with (Figure
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4.9b) or without (Figure 4.4c) a P3HT buffer layer, only absorption intensity in the region of
500-600 nm increases, attributable to the absorption of the P3HT buffer layer. It is possible that
the small increase in photon harvesting can contribute to the slight increase in the efficiency of
P3HT/P3HT:NDI-3TH blend solar cells processed with 0.1-0.5 vol% DIO additives, but the
enhancement is offset by the largely negative effect on the morphology when higher DIO
concentrations (1.0 — 2.0 vol%) were used.
4.3.4 Effects of a Hole Blocking Layer

To further improve the photovoltaic properties of P3HT:NDI-3TH (1:1) blend solar cells
processed with the optimal amount of DIO additive (0.2 vol%) and incorporating a P3HT
electron-blocking layer, we introduced a thin 3 nm) evaporated
1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl)benzene (TPBI) hole blocking layer between the
active layer and cathode. TPBI has a dendritic molecular structure with a moderate electron
affinity (EA = 2.7 eV) and a high ionization potential (IP = 6.2-6.7¢V).**° The active blend
layers of the resulting BHJ solar cells, ITO/PEDOT:PSS/P3HT/P3HT:NDI-3TH (1:1)/TPBI/Al,
were either dried in vacuum or thermally annealed at 100 °C for 10 min. The J-V curves of these
devices are shown in Figure 4.10a, and the calculated photovoltaic parameters are summarized in
Table 4.4. A comparison of the vacuum-dried devices without and with a TPBI layer showed
increase in both the V.. and FF, while the Jy is similar. A maximum efficiency of 1.15% PCE
was achieved in devices with a TPBI hole-blocking layer, which represents a 49% increase
compared with devices without a TPBI layer. After thermal annealing, the device performance
was greatly enhanced, resulting in improved photovoltaic parameters, Vo (0.82V), Js (3.51
mA/cmz), and FF (0.52), and an efficiency of 1.50% PCE, which represents one of the highest

efficiencies achieved in BHJ polymer solar cells based on non-fullerene small-molecule
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acceptors. Additionally, annealed devices incorporating P3HT and TPBI layers processed
without DIO showed a photovoltaic efficiency of 0.78% PCE, with reduced photovoltaic
parameters, Vo, (0.73V), Jic (2.51 mA/cm?), and FF (0.43). These results further confirm the
critical role of 0.2 vol% DIO processing additive in enhancing the photovoltaic properties of

P3HT:NDI-3TH blends.
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Figure 4.10 (a) Current density — Voltage curves of vacuum-dried or thermally annealed (100 °C)
P3HT/P3HT:NDI-3TH (1:1)/TPBI/AI solar cells processed from DCM solution containing 0.2
vol% DIO. (b) UV-vis spectra of thermally annealed P3HT/P3HT:NDI-3TH (1:1) thin films. (c)
BF-TEM image of a thermally annealed P3HT/P3HT:NDI-3TH (1:1) blend film.

We studied the optical absorption and morphology of the thermally annealed devices to gain
an insight into the enhanced performance. The UV-vis spectrum of the actual solar cells is shown
in Figure 4.10b. The absorption of P3HT:NDI-3TH blend in the spectral region of 500 — 600 nm
is enhanced by thermal annealing, facilitating improved light harvesting. The BF-TEM image of

the P3HT/P3HT:NDI-3TH bilayer is shown in Figure 4.10c. A bicontinuous nanoscale

morphology containing NDI-3TH phase and P3HT nanowires is observed.
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Table 4.4 Photovoltaic Properties of P3HT:NDI-3TH (1:1 wt/wt) Blend Solar Cells.

Devices * Voe Jee FF PCE max PCEq.
[V] [mA/cm’] [%] [%]

P3HT:NDI-3TH/LiF * 0.61 0.80 032  0.16 0.14+0.01
P3HT/NDI-3TH:P3HT/LiF " 0.59 0.53 029  0.09 0.08+0.005
P3HT:NDI-3TH/LiF *-¢ 0.70 2.52 035  0.61 0.58+0.04
P3HT/P3HT:NDI-3TH/LiF ** ¢ 0.71 2.93 037  0.77 0.72+0.04
P3HT/P3HT:NDI-3TH/TPBI **¢ 0.83 2.85 049 1.5 1.12+0.04
P3HT/P3HT:NDI-3TH/TPBI ¥ 0.82 3.51 052 150 1.45+0.05
P3HT/P3HT:NDI-3TH/TPBI © 0.73 2.51 043  0.78 0.77+0.02

 Devices processed from dichloromethane. Anode: ITO/PEDOT:PSS. Cathode: Al. ” Devices
were dried in vacuum at room temperature. © Devices were thermally annealed at 100 °C for 10
min. ¥ Devices were processed from dichloromethane with 0.2 vol% DIO.

4.4 Conclusions

We have investigated the processing additive strategy in the optimization of BHJ polymer
solar cells based on a non-fullerene small-molecule acceptor. It is found that the average power
conversion efficiency of P3HT:NDI-3TH solar cells is improved from 0.14% to 1.5% by use of a
1,8-diiodooctane (DIO) processing additive along with a P3HT electron-blocking layer and a
TPBI hole-blocking layer. The underlying mechanism for the enhancement in performance is
that the processing additive regulates the aggregation and domain size and connectivity of the
NDI-3TH phase in the BHJ blends. The optimum concentration of the DIO processing additive
was found to be 0.2 vol%, which is significantly less than the 2.0-3.0 vol% optimum
concentrations previously reported for polymer/fullerene systems. Results of TEM and AFM
imaging of P3HT:NDI-3TH blends revealed that the size of NDI-3TH domains rapidly increased
from the nanoscale at the optimum additive concentration (0.2 vol%) to the micrometer scale at
higher concentrations (>0.5 vol%). The present results show for the first time that processing

additives can be used to optimize the nanomorphology and enhance the performance of bulk
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heterojunction polymer solar cells based on non-fullerene acceptors.
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Chapter 5 Nanowires of Oligothiophene-Functionalized
Naphthalene Diimides: Self Assembly, Morphology, and
All-Nanowire Bulk Heterojunction Solar Cells

5.1 Introduction

Organic photovoltaic cells have been demonstrated as a promising new class of solar energy
conversion devices and therefore of broad current interest.' > The active layer of the typical
organic solar cell is composed of a phase-separated blend of two components — a polymer
semiconductor that acts as an electron donor (p-type) and hole-conducting phase, and a
fullerene-based semiconductor that serves as an electron acceptor (n-type) and
electron-conducting phase — necessary for efficient photoinduced charge transfer and
separation.”’ Because of the relative small exciton diffusion lengths in organic semiconductors
(10-20 nm), control and fine-tuning of the nanoscale morphology of the active layer blend or
bulk heterojunction (BHJ) film have been critical to improving photoconversion efficiency in
organic photovoltaics."®**?* Various approaches have been demonstrated in the control of the
nanomorphology of BHJ films, including thermal/solvent annealing,*>" processing additives,'"
3135 and the use of polymer semiconductor nanowires.' *** The concept of using organic
semiconductor nanowires as either the donor or acceptor component of BHJ solar cells has been
explored and demonstrated to have several advantages.”’ Self-assembled nanowires (NWs) offer

a rational approach to the control of the nanoscale morphology of the phase-separated BHJ film.

The typical dimensions of assembled polymer semiconductor NWs have widths of 10-30 nm

121



(and lengths of um) which are perfectly matched to the exciton diffusion lengths. Assembled,
n-stacked, organic semiconductors generally have high carrier mobilities and high absorption
coefficients due to the increased crystallinity and supramolecular order.*” The use of
self-assembled nanowires allows avoidance of the difficulties of controlling blend phase
separation kinetics, thermodynamics, and related phenomena such as domain coarsening and
time-dependent instability.

p-Type polymer semiconductor nanowires have been extensively studied as the donor
components of BHJ polymer solar cells. Examples include the use of NWs assembled from
poly(3-butylthiophene) (P3BT),'**"** poly(3-pentylthiophene) (P3PT),*" poly(3-hexylthiophene)
(P3HT),” and block copolymers'" **** (e.g. poly(3-butylthiophene)-b-poly(3-octylthiophene)
(P3BT-b-P30T),'" s and poly(3-hexylthiophene)-b-poly(3-cyclohexylthiophene)
(P3HT-b-P3cHT)™). Typical dimensions of these p-type polymer nanowires are 10-18 nm in
width and >10 pm in length. The length of these polymer nanowires has been varied from 200
nm to >5 pm while the width is in the range of 13-16 nm using block copolymers with different
block compositions.''

Non-fullerene n-type organic semiconductors are actively being pursued as an alternative

47 polymer

class of electron acceptors to replace fullerene derivatives in organic solar cells.
semiconductors have been demonstrated as electron acceptors in organic solar cells with
efficiencies of about 1-2% PCE.**™ Self-assembly of n-type polymer semiconductor has been

exemplified with poly(benzobisimidazobenzophenanthroline) (BBL) nanoribbons with average

widths of ~200nm to ~1 pm and thicknesses of ~10-50 nm.>* In the case of small-molecule
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organic semiconductors, various molecular structures have been synthesized and used in organic

45, 46 55-58

solar cells, such as perylene diimides and naphthalene diimides.'” *’ Self-assembled
small molecule nanostructures have also been explored,” but their dimensions are usually quite
large (>500 nm) in width to be useful in BHJ solar cells. Although NWs have been assembled
from various n-type organic semiconductors,’”>* however, only one example of the use of NWs
of an n-type organic semiconductor as the acceptor in BHJ solar cells has been reported.”
Nanoribbons of N,N’-dioctyl-3,4,9,10-perylenedicarboximide (PTCDI-Cg) of widths 100-200
nm and length several pum when blended with P3HT could give BHJ devices with an efficiency
of 1.03% PCE.” To date BHJ solar cells incorporating organic semiconductor nanowires as both
the electron donor and the electron acceptor components have not been explored or
demonstrated.

In this paper we report a systematic study of the solution-phase self-assembly of nanowires,
morphology, and photovoltaic properties of a series of n-type organic semiconductors,
oligothiophene-functionalized naphthalene diimides (NDI-nTH, NDI-nT), whose molecular
structures are shown in Figure 5.1a. We show that highly crystalline nanowires (NWs) with
width of 80-250 nm can be readily assembled from all naphthalene diimides, NDI-n'TH and
NDI-nT, in dichloromethane (DCM) solution. The morphology of the n-type organic
semiconductor NWs was investigated by transmission electron microscopy (TEM) imaging,
electron diffraction, and AFM imaging. By utilizing the n-type organic semiconductor NWs as

acceptor and poly(3-hexylthiophene) (P3HT) NWs as donor, we could explore the new concept

of an all-nanowire BHJ solar cell (Fig. 1b). Such all-nanowire BHJ solar cells comprised of
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P3HT NWs:NDI-3THs NW blends had a power conversion efficiency of 1.15% and external
quantum efficiency (EQE) spectra that demonstrate light harvesting by both donor (P3HT) and

acceptor (NDI-3TH) nanowires.

R
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P3HT NDI-nTH, NDI-nT

All-Nanowire BHJ Film

Figure 5.1 a) Molecular structures of P3HT and oligothiophene-functionalized naphthalene
diimides (NDI-nTH, NDI-nT). NDI-2TH: n = 1, R; = C¢H;3; NDI-3TH: n = 2, R; = CeHj3;
NDI-4TH: n= 3, Ry = C¢Hy3; NDI-2T: n=1, Ry = H; NDI-3T: n=2, Ry = H; NDI-4T: n =3, R4
= H. R = ethylhexyl. b) Schematic of all-nanowire bulk heterojunction (BHJ) film for organic
photovoltaics.

5.2 Experimental Section

52.1 Materials. The synthesis and characterization of the series of
oligothiophene-functionalized naphthalene diimides (NDI-nTH and NDI-nT) were reported
elsewhere. ¥ Six NDI-nTH and NDI-nT samples were investigated, including NDI-2TH,
NDI-3TH, NDI-4TH, NDI-2T, NDI-3T, and NDI-4T. Regioregular poly(3-hexylthiophene)

(P3HT) My = 354 kDa, PDI = 245) was purchased from Ricke Metals.
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1,3,5-Tris(1-phenyl-1H-benzimidazol-2-yl)benzene (TPBI, sublimed) was purchased from
Luminescence Technology Corp. (Taiwan). Anhydrous dichloromethane (DCM, >99.8%,
contains 50-150 ppm amylene stabilizer) and methanol (=99.8%) were obtained from Sigma
Aldrich and used as received.

5.2.2 Assembly of Organic Semiconductor Nanowires. P3HT NWs and NDI-nTH (or NDI-nT)
NWs were prepared separately via solution-phase self-assembly approaches.”’ To assemble
P3HT NWs, 3 mg/mL P3HT was dissolved in DCM at 80 °C under vigorous stirring overnight.
The solution was then cooled at room temperature and left for two days to allow undisturbed
assembly of P3HT NWs. The 1D nanostructures of NDI-nTH or NDI-nT semiconductors were
prepared via solvent exchange by adding a non-solvent (methanol) into solutions of the n-type
organic semiconductor. Briefly, 1 mg/mL NDI in dichloromethane (DCM) solution was prepared
and stirred until complete dissolution at room temperature (20°C). Methanol was then added into
the NDI solution in DCM drop by drop by using a pipette under vigorous stirring. The addition
of methanol ceased when aggregates of nanostructures were visually observed. The quantity of
methanol added into each NDI solution varied with different NDIs. For example, 0.2 mL of
methanol was added to 1 mL of 1 mg/mL NDI-3TH solution in DCM. The resulting suspension
of NDI NWs was centrifuged to obtain a precipitate of NDI NWs. The NWs were dried and
re-dispersed in a mixed solvent of DCM/methanol with the same volume ratio as that of the
mixed solvent used for the assembly of NWs.

5.2.3 Fabrication and Characterization of Solar Cells. Blends of P3HT NWs and NDI-nTH

(NDI-nT) NWs were prepared by mixing the respective suspensions at 1:1 wt:wt. Solar cells
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were fabricated on indium tin oxide (ITO) glass substrates. ITO substrates (10 /o, Shanghai B.
Tree Tech. Consult Co., Ltd, Shanghai, China) were cleaned sequentially with acetone, deionized
water and isopropyl alcohol in an ultrasonic bath, and blown with nitrogen until dried. A 40 nm
PEDOT:PSS (Clevios P VP Al 4083) layer was spin-coated on top of the ITO and dried at
150 °C for 10 min under vacuum. A 15 nm P3HT electron-blocking buffer layer was spin-coated
onto the PEDOT:PSS from a 8 mg/mL P3HT/ortho-dichlorobenzene (ODCB) solution. The
P3HT buffer layer was aged in a Petri dish for 5 min and thermally annealed at 150 °C for 5 min.
The P3HT NWs:NDI-nTH (or NDI-nT) NWs blend suspension was then spin-coated on top of
the P3HT buffer layer for 18 s in a glovebox to make a BHJ active layer of ~80 nm. The active
layer was annealed at 150 °C for 10 min. The substrates were then loaded in a thermal evaporator
(BOC Edwards, Model 306) to deposit a 3 nm TPBI hole blocking layer and a 80 nm Al cathode
layer under high vacuum (8 x 10™’ Torr). Four solar cells, each with an active area of 9 mm?,
were fabricated per ITO substrate.

Current—voltage characteristics of the non-encapsulated solar cells were obtained using an
HP4155A semiconductor parameter analyzer in ambient laboratory air. The illumination (AM1.5
at 100 mW/cm®) was provided by a filtered Xe lamp and calibrated using a calibrated Si diode
from the National Renewable Energy Lab (NREL, USA). External quantum efficiency (EQE)
was measured using a QEX10 solar cell quantum efficiency measurement system (PV
Measurements, Inc.), and was calibrated with a NREL-certified Si diode before measurement.
5.2.4 Characterization of Morphology and Absorption Spectra. Samples for atomic force

microscopy (AFM) imaging (5 x 5 um area) were prepared by spin-coating a dilute suspension
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of NDI-3TH NWs onto silicon wafer. A dimension 3100 SPM (Veeco Instruments Inc.)
instrument operating in tapping mode was used to for the AFM imaging. Samples for bright-field
transmission electron microscope (BF-TEM) imaging were prepared by drop-casting suspensions
of the NWs in DCM/methanol onto TEM grids (Electron Microscope Sciences, Inc.) and drying
in vacuum. An FEI Tecnai G* F20 TEM operated at 200 kV was employed, with a 0.031 mm®
aperture for selected area electron diffraction (SAED). Images were slightly defocused to
enhance the phase contrast and were acquired with a CCD camera and recorded with Gatan
DigitalMicrograph software.

UV—vis absorption spectra were recorded with a Perkin-Elmer model Lambda 900
UV/vis/near-IR spectrophotometer from both suspensions of the NWs and the neat films of the
NWs spin-coated on top of glass substrates.

5.3 Results and Discussion

5.3.1 Assembly and Morphology of n-Type Organic Semiconductor Nanowires. We have
previously demonstrated that one of the n-type organic semiconductors investigated here,
NDI-3TH, can self-assemble into single-crystalline nano/microwires via the solvent exchange
method,” in which methanol (a non-solvent) is added into a solution of NDI-3TH in
dichloromethane and the resulting mixture is left for an extended period of time (2 weeks).*’” The
resulting NDI-3TH nano/microwire had widths of 100 nm to 20 um and equally polydisperse
length (1-300 pm), making them not ideal for bulk heterojunction solar cells. In the present study
we investigated the self-assembly of nanowires from all 6 NDI-nTH and NDI-nT materials and

aimed to achieve narrower widths. We thus reduced the concentration of the NDI solutions in
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dichloromethane (DCM), applied vigorous stirring during the assembly process, and shortened
the assembly time. For instance, a 1 mg/mL NDI-3TH solution in DCM was prepared at room
temperature (20°C). Under magnetic stirring, methanol was added into the same solution drop by
drop by using a pipette. The addition of methanol ceased when aggregates of nanowires were
visually observed. This solution was set aside for one day and used for further investigation. We
note that the conditions were different from previously reported for the assembly of NDI-3TH
nano/microwires, in which a more concentrated solution (5 mg/mL) and longer assembly time
were used.

Bright-field transmission electron microscope (BF-TEM) imaging was used to investigate the
morphology of the NDI nanowire suspensions drop-cast on copper grids. A representative TEM
image of NDI-3TH NWs is shown in Figure 5.2a. The NDI-3TH nanostructures are seen to have
well-defined 1D nanowire morphology with 80-250 nm (average 168 + 45 nm) width and 2-10 um
length as measured from the magnified image shown in Figure 5.2b. To obtain the thickness of
NDI-3TH NWs, a diluted suspension of NWs was spin-coated on top of silicon wafer and an AFM
height image was obtained (Figure 5.2¢). An average thickness of 14.2-15.3 nm was measured for

the NDI-3TH NWs, indicating these NDI-3TH nanowires are actually belt-like.
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Figure 5.2 TEM images of pure block copolymer nanowire films.

The selected area electron diffraction (SAED) pattern of a collection of NDI-3TH NWs
showed three strong Debye-Scherrer diffraction rings, corresponding to d-spacings of 0.90 nm,
0.46 nm and 0.34 nm, respectively. (Figure 5.2d) We note that the d-spacing of 0.34 nm matches
the observed slipped m-stacking distance (d-spacing of 0.335 nm) between two NDI-3TH
molecules along the a-axis in the single-crystal X-ray diffraction structure.*” This confirms the
fact that the formation of NDI-3TH NWs is driven by n-stacking. The d-spacing distance of 0.90
nm is very close to the distance of b/2 (b = 1.8779(3) nm).” However, further attempt to
determine the molecular packing details of these NDI-3TH NWs failed due to the inability to

obtain single-wire SAED pattern and the significant electron beam damage of the nanowires.
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Nevertheless, these NDI-3TH NWs are highly crystalline in nature and may be beneficial for
device applications.

The effects of solution concentration and the amount of non-solvent added on the
morphology of NWs were also explored (Figure 5.3). NDI-3TH NWs prepared from 5 mg/mL
NDI-3TH solution (with 0.3 mL methanol added into 1 mL solution) had width of 250 — 600 nm,
and these NWs appeared polycrystalline as observed from both TEM image and the SAED
(Figure 5.3a). NWs prepared from 1 mg/mL NDI-3TH solution in DCM with high methanol
addition (0.6 mL methanol added to 1 mL solution) showed even broader width range of 100 nm
— 1500 nm, with polycrystalline morphology (Figure 5.3b). In both cases, these NWs are bundled
together and are hard to separate from each other. We note that the morphology of NDI NWs
assembled via solvent exchange is largely dependent on the assembly conditions, as contrasted
with polymer NWs assembled from solution-phase self-assembly whose morphology is usually

. o : 40, 60
insensitive to temperature and concentrations.

We also note that the large difference in the
morphology of NDI NWs obtained under different conditions is likely to affect their optical and

photovoltaic properties.
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Figure 5.3 TEM images of NDI-3TH nanowires obtained at different conditions. (a) NDI-3TH
nanowires obtained from 5 mg/mL NDI-3TH solution (0.3 mL methanol was added into 1 mL
NDI-3TH/DCM solution). (b) NDI-3TH nanowires obtained from 1 mg/mL NDI-3TH solution
with excessive methanol (0.3 mL methanol added to 0.5 mL NDI-3TH solution in DCM).

Nanowires of other NDI-nTH and NDI-nT materials were assembled by following the same
approach as described above for NDI-3TH NWs and TEM images of NDI-2TH (Figure 5.4a),
NDI-4TH (Figure 5.4b), NDI-2T (Figure 5.5a), NDI-3T (Figure 5.5b), and NDI-4T (Figure 5.5¢)
were recorded. The width of NDI-2TH and NDI-4TH NWs are 0.5 — 1.0 pm and 160 nm — 560 nm,
respectively. In the case of NDI-nT NWs, the width varied from 80 — 660 nm in NDI-2T NWs to
180 — 500 nm in NDI-4T NWs. In the case of NDI-3T, although NWs with sharp needles are
commonly observed, a rare nanosheet with width larger than 3 pm is seen as well. Based on the
TEM images of these NDI NWs, we conclude that the size of oligothiophene unit appended to the
naphthalene diimide core also plays a critical role in the control of the morphology of assembled

nanostructures.
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Figure 5.4 TEM images of NDI-nTH nanowires and their SAED (inset). (a) NDI-2TH; (b)
NDI-4TH.
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Figure 5.5 TEM images of NDI-nT nanowires and SAED (inset). (a) NDI-2T; (b) NDI-3T; (c)
NDI-4T.
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5.3.2 Assembly of Poly(3-hexylthiophene) Nanowires. To prepare poly(3-hexylthiophene)
(P3HT) NWs, we adopted the whisker method by which polymer semiconductor nanowires with
well-defined morphology can be readily assembled from a selective marginal solvent.®’ At
elevated temperature (80 °C), the solvent is a good solvent for the polymer and polymer solution
can be made. Upon cooling, the solvent becomes a poor solvent for the polymer and nanowires
self-assemble spontaneously in solution. The P3HT nanowires assembled in this way have
typical dimensions of ~15-18 nm in width, 3-7 nm in thickness, and >10 pm in length.'’

5.3.3 Optical Properties. We used optical absorption spectroscopy to characterize the optical
properties of the NDI-nTH and NDI-nT NWs. The normalized absorption spectra of NDI-3TH
solution in DCM, neat thin film, suspension of NWs in DCM/methanol, and thin film of NWs are
compared in Figure 5.6a. Two absorption peaks (~380 nm and 610 nm) are observed in the UV-vis
spectrum of NDI-3TH in dilute DCM solution (~1x10° mol/L), and they are respectively
red-shifted to 400 nm and ~680 nm in the thin film. The absorption intensity of the low-energy
band in the range of 600 — 800 nm significantly increases in the solid state, indicating strong -1t
stacking between NDI molecules. When NWs are formed, both the high-energy and low-energy
absorption peaks in the absorption spectra of the nanowire suspension and nanowire film are
further red-shifted compared with those of the NDI-3TH neat film. The relative intensity of the
low-energy band to that of the high-energy band in the nanowire suspension and nanowire film
increases to near unity, indicating enhanced ability to absorb photons of the solar spectrum. The
increase in the absorption intensity of low-energy band may be attributed to the increased

molecular order and preferential molecular alignment in NWs.
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Figure 5.6 (a) Optical absorption spectra of NDI-3TH: nanowire suspension in DCM/methanol,
nanowire film, thin film and solution (~1x10° mol/L) in DCM. (b) Optical absorption spectra
of nanowire suspensions of various NDI materials in DCM/methanol.

The absorption spectrum of suspensions of NWs of each NDI-nTH and NDI-nT is
summarized in Figure 5.6b and the spectra are normalized with respect to the high-energy peak in
the range of 340 — 410 nm. In the case of NDI-nTH NWs, the high-energy absorption peak is in the
340 to 410 nm region. This high-energy peak red-shifts from 340 nm in NDI-2TH NWs, to 400 nm
in NDI-3TH NWs and 410 nm in NDI-4TH NWs, respectively. In the case of NDI-nT NWs, the
high-energy absorption peak ranges from 330 nm in both NDI-2T NWs and NDI-4T NWs to 360
nm in NDI-3T NWs. An additional absorption feature at ~380 nm shows up in the optical
absorption spectrum of each NDI-nT nanowire suspension. A sharp peak is observed in the optical
absorption spectrum of NDI-2T nanowire suspension, but the peak diminishes into an absorption
shoulder in the absorption spectra of suspensions of NDI-3T NWs and NDI-4T NWs. The
low-energy absorption peak above 600 nm varied significantly for NWs of each NDI material. In

the 600 — 1000 nm spectral region, NDI-3T and NDI-4T NWs show similar absorption profile and
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intensity, but NDI-2T NWs show much enhanced absorption with two peaks located at 760 and

860 nm. In the case of NDI-nTH NWs, their absorption intensity is generally higher than that of
NDI-nT NWs. In particular, NDI-3TH NWs showed the most prominent absorption peak in the

low-energy region. We note that the observed difference in the absorption spectra of NDI NWs

may result from the different morphology (width and length) of NWs, in addition to the intrinsic

absorption properties of the NDI molecules. We expect the observed difference in the absorption

spectra of NWs of the series of NDI materials, especially the absorption bands in the low-energy

region, will affect the photovoltaic properties of solar cells made from such NWs.

5.3.4 All-Nanowire Bulk Heterojunction Solar Cells. We fabricated and investigated

all-nanowire bulk heterojunction (BHJ) solar cells comprised of P3HT NWs as the donor
component and NDI NWs as the acceptor component. The device structure was:

ITO/PEDOT:PSS (40 nm)/P3HT (15 nm)/active layer (~80 nm)/TPBI (3 nm)/Al (80 nm), where

the P3HT and TPBI thin films acted as the electron-blocking and hole-blocking buffer layers,

respectively, and the active layer was composed of P3HT NWs:NDI NWs (1:1 wt/wt) blend
films. We note that the nanowire morphology of P3HT and NDI components of the active layer
survived the blending as a suspension, as exemplified by the TEM images of the drop-cast P3HT

NWs:NDI-3TH NWs blend thin films (Figure 5.7). Four unencapsulated solar cells with an area
of 9 mm” each were fabricated and tested under AM1.5 solar illumination at 1 sun (100 mW/cm?)
in ambient air. The current density (J)—voltage (V) curves in the dark and under illumination are

shown in Figure 5.8a for the P3HT NWs:NDI NWs devices. The photovoltaic parameters of the

solar cells, including the open circuit voltage (V,.), the short-circuit current density (Js), fill
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factors (FF), and maximum/average power conversion efficiency (n, % PCE) are collected in

Table 5.1.

Figure 5.7 (a) Optical absorption spectra of NDI-3TH: nanowire suspension in DCM/methanol,
nanowire film, thin film and solution (~1x10® mol/L) in DCM. (b) Optical absorption spectra
of nanowire suspensions of various NDI materials in DCM/methanol.
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Figure 5.8 (a) Current density (J) — voltage (V) characteristics of P3HT NWs:NDI NWs solar

cells, and (b) their corresponding EQE spectra.
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Table 5.1 Photovoltaic Properties of P3HT NWs:NDI NWs BHJ Solar Cells

Acceptor* Vor I 2 FF Trmax Tave
(V) (mA/cm) (PCE %) (PCE %)
NDI-2T 0.65 0.0076 0.20 0.001 0.001+0.000
NDI-3T 0.59 1.25 0.56 0.41 0.407+0.006
NDI-4T 0.52 0.44 0.33 0.075 0.069+0.007
NDI-2TH 0.47 0.89 041 0.17 0.12+0.03
NDI-3TH 0.81 2.95 0.48 1.15 1.11 £0.05
NDI-4TH 0.74 0.27 0.37 0.07 0.05+0.02

* Solar cells were made from blends of P3HT NWs and NDI NWs with 1:1 wt:wt.

Among all the NDI NWs, NDI-3TH NWs and NDI-3T NWs showed the best photovoltaic
properties. In the case of P3HT NWs:NDI-3TH NWs solar cells, a high V. of 0.81 V, J;. of 2.95
mA/cmz, and FF of 0.48 were observed, which translate to an average PCE of 1.11%. We note
that this efficiency represents a 54% enhancement in photovoltaic efficiency compared with
previously reported conventional BHJ blend film of P3HT:NDI-3TH with identical device
structure (0.72% PCE)."” The observed improved power conversion efficiency of the
all-nanowire BHJ solar cells can be understood to result from a combination of factors, including
the formation of a well-defined nanomorphology consisting of a bicontinuous, percolated
nanowire network of donor and acceptor nanowires, increased surface area, and high crystallinity,
which facilitate the charge separation, transport and collection.'" '**"*® In the case of P3HT
NWs:NDI-3T NWs photodiodes, an average PCE of 0.41% was calculated from a V,. of 0.59 V,
aJeof 1.25 mA/cmz, and a FF of 0.56. Notably, NDI-2TH showed an average PCE of 0.12% in
the all-nanowire BHJ solar cells whereas a photovoltaic effect was not observed in conventional

P3HT:NDI-2TH BHIJ solar cells due to the unusual macrophase-separated morphology with
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dendritic NDI-2TH phase.47 All-nanowire BHJ devices based on NDI-2T, NDI-4T, or NDI-4TH
showed very poor photovoltaic efficiencies (<0.1% PCEs). The reason for the poor photovoltaic
properties of some of these NDI-nT and NDI-nTH is probably because of ambipolar charge
transport properties, which could make the majority carrier in some of them holes.*” We note
that the power conversion efficiency of the P3HT NWs:NDI NWs BHJ solar cells may be further
improved by optimization of the electronic energy levels and electron mobility of the NDI
molecules as well as via device optimization techniques such as solvent/thermal annealing and/or
film aging.'?

The external quantum efficiency (EQE) or action spectrum of each of the all-nanowire BHJ
(P3HT NWs:NDI NWs) solar cell is presented in Figure 5.8b. A maximum EQE of 16% and 7%
was obtained in the NDI-3TH NWs and NDI-3T NWs solar cells, respectively. The J;. calculated
by integration of the IPCE spectrum over the solar spectrum shows values of 2.79 mA/cm® and
1.13 mA/cm® for NDI-3TH NWs and NDI-3T NWs devices, respectively. The slight difference
between the measured and calculated J. may be attributable to the spectral mismatch between the
solar simulator and the actual solar spectrum, and the possible degradation of unencapsulated
devices during measurement in air. The EQE spectrum of P3HT NWs:NDI-3TH NWs solar cells
shows that photons with wavelength up to ~800 nm in the near-IR region of the solar spectrum are
harvested; this clearly demonstrates that the non-fullerene acceptor, NDI NWs, harvests photons in

the near IR and generates excitons which dissociate at the interface with P3HT NWs.
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5.4 Conclusions

We have investigated the solution-phase self-assembly and morphology of nanowires of a
series of 6 oligothiophene-functionalized naphthalene diimides (NDI-nTH and NDI-nT).
Well-defined nanowires, whose size and detailed morphology varied with the molecular structure
of the NDIs, the solution concentration, and solvent/non-solvent ratio, were successfully
assembled. In the case of NDI-3TH, NWs with 80 — 250 nm width, 2 — 10 um length, and 14.2 —
15.3 nm thickness were obtained. A comparison of the optical absorption spectra of neat thin
films and nanowire films of NDI-3TH showed a significant red-shift and enhancement of
intensity of the low energy absorption band (~600 nm) in the nanowire films, indicating a
stronger molecular order in the nanowires. Bulk heterojunction (BHJ) solar cells made from
blends P3HT NWs as the donor and NDI-3TH NWs as the acceptor showed a power conversion
efficiency (PCE) of 1.15%, and a broad EQE spectrum ranging from 300 to 800 nm. Our results
demonstrate, for the first time, that all-nanowire organic solar cells can be fabricated by using
nanowires of p-type and n-type organic semiconductor as building blocks.
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Chapter 6 All-Polymer Bulk Heterojunction Solar Cells

6.1 Introduction

The morphology of organic bulk heterojunction (BHJ) solar cells plays a critical role in
maximizing the power conversion efficiency of the blend devices.'” Characterization of the
morphology of BHJ polymer thin films with high spatial resolution, high chemical specificity
and sensitivity, however, remains an important challenge for fully understanding the photovoltaic
performance of BHJ polymer solar cells. Among the limited techniques currently employed to
investigate the morphology of BHJ polymer films, bright-field transmission electron microscopy
(BF-TEM),*® energy-filtered TEM (EFTEM),”® scanning transmission electron microscopy
(STEM),” and electron tomography,'® have been extensively used to varying degrees of success.
Each of these techniques has its own drawbacks that prevent a complete understanding of the
morphology of organic photovoltaic systems. BF-TEM shows low phase contrast for organic
materials at focusing condition due to low mass-thickness and diffraction contrast resulting from
the low density of the materials.'’ Although the contrast can be enhanced by defocusing, the size
of the features in the resulting images can change and sometimes the phase contrast can be
reversed.!' EFTEM provides a better phase contrast at focusing condition by generating contrast
using differences in the energy-loss spectra of the pure components, but it suffers from a low
signal-to-noise ratio arising from the low yield of inelastically scattered electrons.””'' STEM
utilizing a high-angle annular dark field (HAADF) detector is capable of providing atomic

resolution images with excellent elemental contrast better than BF-TEM due to
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atomic-number-related Z-contrast,'> but it is unable to accurately distinguish the phase
distribution within a blend film with high chemical specificity and sensitivity. Electron
tomography, which when coupled with S/TEM can enable 3D reconstruction of morphology, is
limited by the associated electron microscopy.”'®"® Although non-electron microscopy based
imaging techniques such as atomic force microscopy (AFM) are related scanning probe
techniques have high spatial resolution they are limited to surface imaging. Scanning near-field
optical microscopy (SNOM) on the other hand has low spatial resolution and thus cannot resolve
information about bulk films at high resolution."*

Energy dispersive X-ray spectroscopy (EDS) is a widely used microanalysis technique in
electron microscopy."” In STEM, when the high energy electron beam interacts with the sample,
the inelastic scattering of the incident electrons leads to two classes of X-rays — Bremsstrahlung
and characteristic radiation. Bremsstrahlung or braking radiation is a result of deceleration of the
incident electrons caused by the Coulombic field of the atoms (both nucleus and electrons) and
therefore constitutes the continuous electromagnetic spectrum (background radiation).”” The
characteristic X-ray radiation, which is emitted by deactivation of excited atom due to inner-shell
ionization by ejection of a bound electron can be used to identify the corresponding element. The
spatial resolution of EDS is largely defined by a bell-shaped interaction volume in bulk sample.
However, in S/TEM analysis, due to the small thickness of the specimen (~100 nm) and the high
acceleration voltage (100-200 kV), the spatial resolution is only limited by the size of the

microprobe (electron beam)."” This can enable high resolution imaging using EDS. The coupling

of HAADF-STEM with EDS could in principle facilitate the combination of the high spatial

145



resolution (sub-nanometer) of STEM with the high chemical specificity and sensitivity of EDS
analysis. The combination of STEM, EDS, and EFTEM techniques was recently used to study
the morphology of aged poly(3-hexylthiophene)/fullerene (P3HT/PCe;BM) blend solar cells.'
EDS performed on the cross-sectioned blend film was used as an elemental analysis tool to
generate line profile of elemental distribution (such as sulfur, carbon, oxygen, and metals) in the
vertical direction of the active layer. The relative abundance of sulfur and carbon was compared
in different vertical positions and the diffusion of electrode materials (ytterbium) into the active
layer was investigated. Discrete maps of sulfur and carbon were obtained based on zero-loss
peak filtered EFTEM but not by EDS mapping.'® The great potential to use EDS to achieve high
spatial resolution and high chemical specificity imaging of bulk heterojunction polymer solar
cells thus remains to be explored.

In this work, we propose and demonstrate the use of energy dispersive X-ray spectroscopy
(EDS) coupled with HAADF-STEM in characterizing the blend morphology of BHJ polymer
solar cells with high spatial resolution and high chemical specificity for the first time. The BHJ
polymer blend devices investigated are composed of
poly[(4,4'-bis(3-(2-ethyl-hexyl)dithieno[3,2-b:”,3'-d]silole)-2,6-diyl-alt-(2,5-bis(3-(2-ethyl-hexyl
)thiophen-2yl)thiazolo[5,4-d]thiazole)] (PSEHTT) donor'’ and
poly[[N,N’-bis(2-decyltetradecyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5°-(2,2°
-biselenophene)] (PNDIBS) acceptor.'®"” The molecular structures and HOMO/LUMO energy
levels of these conjugated polymers are shown in Figure 6.1. The photovoltaic properties of the

all-polymer BHJ solar cells were investigated as a function of blend composition, showing that
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the optimum composition was 1:2 PSEHTT:PNDIBS weight ratio. For comparison purposes we
also investigated the morphology of the PSEHTT:PNDIBS BHIJ blends by conventional imaging
techniques of AFM, TEM, and STEM. High spatial resolution EDS images of the
PSEHTT:PNDIBS BHIJ blends were obtained by use of ImagelJ software to analyze the sulfur-

and selenium-distribution maps as a function of blend composition.

3.28
< 3.94
i
21 |s.10
w PSEHTT
5.95
P  pNDIBS W PNDIBS

R = 2-decyitetradecyl
Figure 6.1 Molecular structures and energy level diagram of PSEHTT and PNDIBS.

6.2 Experimental Section
6.2.1 Materials.

The synthesis of the donor polymer PSEHTT'” (M, = 33.9 kDa, PDI = 3.9) and the acceptor
polymer PNDIBS"™ (M, = 42.4 kDa, PDI = 2.6) were previously reported and their

HOMO/LUMO energy levels were determined by cyclic voltammetry.'"

Anhydrous
chlorobenzene (99.8%) was obtained from Sigma Aldrich and used without further purification.

Aluminum shots and LiF were purchased from Sigma Aldrich.
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Poly(3,4-ethylenedioxythiophene):Poly(styrenesulfonate) (PEDOT:PSS) (Clevios P VP AI 4083,
Heraeus) was passed through a 0.45 um filter before use.
6.2.2 Fabrication and Characterization of Solar Cells.

PSEHTT and PNDIBS solutions in chlorobenzene (10 mg mL ™", respectively) were prepared,
stirred until complete dissolution and filtered with 0.45 um syringe filter.

Solar cells with the device structure of ITO/PEDOT:PSS/active layer/LiF/Al were fabricated.
ITO substrates (10 /o, Shanghai B. Tree Tech. Consult Co., Ltd, Shanghai, China) were cleaned
sequentially with acetone, deionized water and isopropyl alcohol in an ultrasonic bath, and blown
with nitrogen until dried. A 40 nm PEDOT:PSS layer was spin-coated on top of the ITO and dried
at 150 °C for 10 min under vacuum. The active layer was then spin-coated from PSEHTT:PNDIBS
blend solutions with different ratios to make a thin film of ~110 nm thickness and thermally
annealed at 150 °C for 10 min in a glovebox. The substrates were then loaded in a thermal
evaporator (BOC Edwards, 306) to deposit a cathode composed of 1.0 nm LiF and 90 nm Al under
high vacuum (8 x 10~" Torr). Five solar cells, each with an active area of 4 mm?, were fabricated
per ITO substrate.

The current density—voltage (J-V) curves of the solar cells were measured using a HP4155A
semiconductor parameter analyzer under laboratory ambient air conditions. An AMI1.5
illumination at 100 mW/cm® was provided by a filtered Xe lamp and calibrated by using an
NREL-calibrated Si photodiode. The external quantum efficiency (EQE) was measured by using a
QEX10 solar cell quantum efficiency measurement system (PV Measurements, Inc.) and was

calibrated with a NREL-certified Si photodiode before measurement.
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6.2.3 Characterization of Morphology.

Atomic force microscopy (AFM) imaging (5 x 5 um area) was done using a Dimension 3100
SPM (Veeco) instrument operating in tapping mode. To obtain a thin film of the active layer for
scanning/transmission electron microscope (S/TEM) imaging, the substrate was first scratched
and then soaked in deionized water. The active layer was then peeled-off from the substrate,
supported on a TEM grid (300 mesh, Electron Microscopy Sciences, Inc.), and dried. An FEI
Tecnai G* F20 S/TEM operated at 200 kV was employed for imaging. For the bright-field TEM
(BF-TEM) imaging, images were slightly defocused to enhance the phase contrast between the
two polymers, and were acquired with a CCD camera and recorded with Gatan DigitalMicrograph
software. For STEM imaging, a high angle annular dark field (HAADF) detector (point resolution:
0.18nm) was used and images were acquired at proper focus with TEM Imaging & Analysis (TIA)
software. To perform the elemental mapping of selenium and sulfur, an energy-dispersive X-ray
spectroscopy (EDS) was used to record a drift corrected spectrum image for each blend thin film
(dwell time of 250 ms). An ImageJ software (National Institutes of Health, USA, version 1.46r)%°
was used for the image analysis and processing. Phase distribution maps were obtained from the
EDS maps by adjusting the color threshold using the MinError threshold method which assumes
the shade level of objects follows a normal distribution and removes the corresponding
background.”® EDS map of sulfur in P3HT:PC7;BM (1:1 wt/wt) blend film was acquired and

processed in a similar way.

6.3 Results and Discussion
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6.3.1 Bulk Heterojunction (BHJ) Solar Cells.

We investigated the blend composition dependence of the photovoltaic properties of the
all-polymer BHJ solar cells by fabricating devices with the structure
ITO/PEDOT:PSS/blend/LiF/Al and PSEHTT:PNDIBS blends with weight ratios of 1:1, 1:2, and
1:3. The solar cells were tested under AM1.5 solar illumination at 1 Sun (100 mW/cm?) in
ambient air. The current density (J) — voltage (V) curves of these devices are shown in Figure
6.2a. The photovoltaic parameters, including the open circuit voltage (V,.), the short-circuit
current density (Js), and fill factors (FF), are collected in Table 1. The average power conversion
efficiency (PCE) is found to be 0.64+0.02%, 1.58+0.03%, and 0.93+0.03% for
PSEHTT:PNDIBS blend ratios of 1:1, 1:2, and 1:3, respectively. The variation of the PCE with
blend composition is largely due to the blend composition dependence of J. and FF since the V
is unchanged. A maximum 1.62% PCE was obtained from the 1:2 blend devices. The external
quantum efficiency (EQE) spectra of the PSEHTT:PNDIBS devices (Figure 6.2b) show that the
photoresponse begins at near 900 nm for each of the blend. The maximum EQE of 11.4-19.2%
was reached in the 590 — 640 nm wavelength range. The Jg calculated by integrating the EQE
spectrum over the AM1.5G solar spectrum is 1.63 rnA/cmz, 3.38 mA/cmz, and 2.31 mA/cmz,
respectively for the 1:1, 1:2, and 1:3 blends. Possible reasons for the 4-7% difference between
the directly measured Js. under simulated illumination and those calculated from the EQE
spectrum include a spectral mismatch between simulated illumination and AMI1.5G solar

spectrum and degradation of devices during measurement in ambient air. These results clearly
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show that the best photovoltaic properties are obtained at the 1:2 PSEHTT:PNDIBS blend weight

ratio.

Table 6.1 Photovoltaic and Electrical Properties of PSEHTT:PNDIBS Blend Solar Cells.

Blend Rectification I r Ve N FF PCE,.x PCE,,.
[wtwt])  Ratio” Qo] [Qenr] [Vl  [mA/em’] [%] [%]")
11 132 81 1250 0.76 1.75 0.50 0.66  0.64+0.02
1:2 496 29 1240 0.77 3.58 0.59 162 1.58+0.03
1:3 270 50 1400 0.77 241 0.52 0.96  0.930.03

% PSEHTT:PNDIBS blend film processed from chlorobenzene; ” Rectification ratio calculated at
+2 V; 9 PCE values averaged from 5 devices.
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Figure 6.2 (a) Current density (J) — voltage (V) characteristics of PSEHTT:PNDIBS blend solar
cells with different blend ratios and (b) their corresponding EQE spectra.

The observed 1.62% PCE in the all-polymer PSEHTT:PNDIBS BHJ solar cells represents an
84% improvement in performance compared to similar all-polymer BHJ devices based on
PNDIBS acceptor and poly(3-hexylthiophene) (P3HT) donor.'® Among the likely reasons for the
superior performance of PSEHTT/PNDIBS BHJ devices compared to similar P3HT/PNDIBS

devices include the better near infrared absorption of PSEHTT, high hole mobility (0.03 cm*/V
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s),'” and its generally more crystalline morphology.”' We also note that the present photovoltaic
efficiency (1.62% PCE) is among the highest achieved so far for all-polymer BHJ solar cells
based on various naphthalene diimide-based copolymer acceptors. '*'84%%
6.3.2 Morphology via AFM and TEM

We investigated the morphology of PSEHTT:PNDIBS blend films using the conventional
techniques of atomic force microscopy (AFM) and transmission electron microscopy (TEM).
Figure 6.3 shows the topographical and phase images obtained by scanning 5 um x 5 pm areas of
the actual BHJ solar cells. The AFM height images of all the PSHETT:PNDIBS blend films
clearly show a two-phase morphology reminiscent of one obtained by a spinodal
decomposition.”® The surface roughness (R,) decreases from 11.4 nm to 5.17 nm as the amount
of PNDIBS in the blend is increased from 50 wt% (1:1) to 75 wt% (1:3). The decrease in surface
roughness is a result of the decrease in the size of the bright domains, which constitute the
elevated phase and have widths varying from 200 — 500 nm in the 1:1 blend to 50 — 300 nm in
the 1:3 blend. The bright domains can be assigned to the PSEHTT-rich phase while the dark
domains or valleys are thus assigned to the PNDIBS-rich phase, as will be confirmed later by
transmission electron microscopy. In the phase images of the blend films (Figure 6.3b), a clear
microscale phase separated film is observed on the same scale as that of corresponding height
image and dense polymer nanofibrils with width of 20-35 nm are visible. Although these AFM

images show high spatial resolution in both topographical and phase images of the surface, it is

difficult to assign the phase information by itself and of course the imaging is only limited to the
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surface whereas morphological information about the bulk film is more relevant for

understanding BHJ solar cells.

Figure 6.3 AFM height and phase images of PSEHTT:PNDIBS blend films with different blend
ratios.

Figure 6.4 shows bright-field transmission electron microscope (BF-TEM) images of the
PSEHTT:PNDIBS blend films directly peeled off from the solar cells. The images were taken at
a slightly defocused condition to enhance the phase contrast between the two polymers without
the occurrence of phase reversal. Based on the facts that phases with higher density appear
darker than those with lower density6 and PSEHTT tends to form aggregated domains, we
tentatively assign the dark domains to PSEHTT and bright domains to PNDIBS. The TEM image
of PSEHTT:PNDIBS (1:1) shown in Figure 6.4a displays dense PSEHTT domains with widths

of 200 — 500 nm and lengths of 0.5 to several pm. As the PSEHTT concentration in the blend is
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decreased, PSEHTT domain size gets smaller, indicating a higher uniformity and better mixing
in the blend film. However, the phase contrast between PSEHTT and PNDIBS diminishes,
resulting in poor spatial resolution that prevents a better understanding of the phase separation in
the blend films. This is especially the case of the 1:2 blend ratio found to give optimum
photovoltaic performance. Moreover, the contrast in BF-TEM as a result of density difference is
not a characteristic of specific material because of the possibility that a mixed phase may exist in

the blend.”’

Figure 6.4 TEM images of PSEHTT:PNDIBS blend films with different blend ratios: (a) 1:1; (b)
1:2; and (c) 1:3.

We used X-ray diffraction (XRD) to examine whether PSEHTT and PNDIBS formed
crystalline domains in the blend films (Figure 6.5). A single weak (100) diffraction peak (d ~
2.09 nm), which lies between those characteristic of the lamellar structures of pure PSEHTT (d =
1.65 nm)'” and pure PNDIBS (d = 2.595 nm),'® was observed. The observed XRD patterns of
PSEHTT:PNDIBS blend films are in contrast to those of crystalline conjugated diblock
copolymers®™ and other binary blends of conjugated polymers such as P3HT and

poly(9,9-dioctylfluorene-co-benzothiadiazole) (F8BT),” in which two distinct lamellar
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crystalline (100) peaks of the pure polymers were seen. A possible reason for the observed single
diffraction peak in the binary blend films is the formation of a miscible phase of PSEHTT and
PNDIBS with an intermediate d-spacing. Similar XRD pattern as evidence of miscibility in
binary blends of rigid-rod polymers with flexible side chains that form lamellar crystalline

. . 30,31
structures are known in the literature.”™
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Figure 6.5 XRD spectra of PSEHTT:PNDIBS blend films taken from actual devices. Blend
ratios. (a) 1:1, 20 =4.22°,d = 2.092 nm 1:2, 20 = 4.23°, d = 2.087 nm; (c) 1:3, 20 = 4.22°, d =
2.092 nm.

6.3.3 Scanning Transmission Electron Microscopy (STEM) and Energy Dispersive X-ray
Spectroscopy (EDS)

We have used a combination of high-angle annular dark-field scanning TEM
(HAADF-STEM) and energy dispersive spectroscopy (EDS) to investigate the morphology of
PSEHTT:PNDIBS blend films to overcome the disadvantages of conventional AFM and
BF-TEM imaging (low spatial resolution and poor chemical specificity). The combination of
these two techniques (STEM and EDS) allows us to simultaneously image the nanomorphology

and map the chemical composition in the same area of interest. Representative HAADF-STEM
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images of PSEHTT:PNDIBS blend films of various compositions are shown in Figure 6.6a-c.
The PNDIBS domains appear dark and PSEHTT domains appear bright in the dark-field STEM
images of Figure 6.6a-c in contrast to the BF-TEM images shown in Figure 6.4. PSEHTT and
PNDIBS have similar domain sizes of width of 200 — 500 nm in the 1:1 blend. The bright
PSEHTT domains decreased significantly in size to 50 — 200 nm and were uniformly distributed
in the PNDIBS phase as the blend composition was changed to 1:3. Although these STEM
images (Figure 6.6a-c) are grey-scaled images similar to BF-TEM images, they show better
contrast with distinct two-phase morphology due to atomic-number-related Z-contrast.'
However, definitive assignment of the phase distribution of each polymer in the blend and the
possibility of a miscible phase cannot be made based solely on STEM imaging.

Elemental mapping by EDS analysis of selected areas in each STEM image (marked with
square) was performed to further identify the nanoscale phase distribution of each polymer in the
PSEHTT:PNDIBS blends. The characteristic K-shell X-rays from sulfur (S) and selenium (Se),
which are found respectively in PSEHTT and PNDIBS, were monitored. The resulting EDS
maps of S and thus PSEHTT phase distribution in the blend film are shown in Figure 6.6d-f.
Similar EDS maps of Se and thus PNDIBS phase distribution in the blend films are given in
Figure 6.6g-1. We note that the overall morphology shown in the EDS map is similar to that of
the corresponding HAADF-STEM image, which implies that the high-energy electron beam does
not alter the phase distribution significantly. The EDS S-maps in Figure 6.6d-f clearly show in
green the regions where PSEHTT exists and the dark background where PSEHTT is absent. It is

also seen that although PSEHTT has large domain sizes (200-500 nm in width in Figure 6.6d and
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50-300 nm in width in Figure 6.6f), the large domains are composed of aggregates of smaller
PSEHTT domains of 20 — 35 nm in size. The EDS Se-maps in Figure 6.6g-1 show that PNDIBS
in purple has a relatively uniform distribution. The observed large PNDIBS domains (50-100 nm

in width) are similarly made up (i.e. aggregates) of smaller nanostructures.

Figure 6.6 (a-c) STEM images of PSEHTT:PNDIBS blend film and the corresponding EDS
maps of the square regions in the STEM images, showing (d-f) S element (indicating PSEHTT)
and (g-1) Se element (indicating PNDIBS) phases. The blend ratios are (a, d, g) 1:1, (b, e, h) 1:2,
and (c, f, 1) 1:3. The scale bar is 500 nm.

Wormlike and fibrillar fine nanostructures with widths of 20-35 nm are observed embedded

in the dark backgrounds of the EDS elemental maps of both PSEHTT and PNDIBS (Figure 6.7).
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These fine fibrillar nanostructures of PSEHTT and PNDIBS were not observed in either TEM or
STEM but are similar in size and features to those seen in AFM phase images. On the other hand,
AFM could not distinguish between the nanofibrils of PSEHTT and PNDIBS whereas EDS
mapping does. We conclude that EDS mapping enables the characterization of the nanoscale
morphology of photovoltaic bulk heterojunction films with superior spatial resolution and
chemical specificity than current techniques (BF-TEM, STEM, and AFM). However, we
emphasize that EDS imaging reveals the structure/composition of the bulk thin film projected
onto a 2D image, similar to standard TEM and STEM. Nevertheless, EDS coupled with STEM

clearly offers new morphological information and insights into BHJ polymer solar cells.

Figure 6.7 Wormlike and fibrillar nanostructures embedded in the dark background. (a-c)
S-maps (indicating PSEHTT) and (d-f) Se-maps (indicating PNDIBS) of PSEHTT:PNDIBS
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blend films with blend ratios of (a, d) 1:1, (b, e) 1:2, and (c, f) 1:3. The scale bar is the same for
each image.

6.3.4 Blend Morphology via EDS Imaging

The image processing software Imagel”® was used to perform pattern recognition to
generate the relative S- and Se-distribution maps and thus phase separation and distribution
images of the binary PSEHTT:PNDIBS binary blends. We accomplished this by using the
MinError threshold method of ImagelJ in which the background weak characteristic X-ray
emission below a certain threshold in an area is removed. The resulting threshold-adjusted
S-maps and thus PSEHTT distribution in the blend are shown in Figure 6.8a-c. Similar
threshold-adjusted Se-maps and thus PNDIBS distribution in the blend are shown in Figure
6.8d-f. These threshold-adjusted S- and Se-maps only show the polymer phases that exhibit
relatively high level of X-ray emission in the blend. A consequence of this is that some wormlike
and fibrillar nanostructures with weak X-ray emission (Figure 6.7) in both PSEHTT and
PNDIBS EDS elemental maps are removed, which thereby reduces the spatial resolution
achievable. We note that the morphology (spatial distribution and topology) of each polymer in
the blend revealed by these EDS elemental maps (Figure 6.8) is significantly different and is
roughly complementary. PSEHTT forms large domains (100-500 nm) that are not uniformly
distributed in the blends. PNDIBS domains are smaller (50-100 nm) and are more uniformly

distributed and interconnected in the blends.
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Figure 6.8 EDS sulfur (S) and selenium (Se) maps generated by the MinError threshold method.
(a-c) PSEHTT phase distribution and (d-f) PNDIBS phase distribution from the respective S- and
Se-maps in Figure 6.6. (g-1i) PSEHTT:PNDIBS blend morphology revealed by superposition of
the corresponding PSEHTT and PNDIBS EDS maps. The blend ratios are (a,d,g) 1:1, (b,e,h) 1:2,

(c,f,1) 1:3. The scale bar is the same for each column and represents 500 nm.

The overall blend morphology revealed by EDS elemental mapping was obtained by the
superposition of the individual PSEHTT and PNDIBS maps as shown in Figure 6.8g-i. It is
observed that the PSEHTT and PNDIBS phases in the blend are complementary to each other,
demonstrating that the blend films exhibit bicontinuous, percolated, phase separation. The

remaining white areas in Figure 6.8g-1 indicate a low level of existence of both polymers whose
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color shade level was below the threshold. There are some places with overlapping colors
(shown in black), indicating the co-existence of both polymers and can be regarded as a miscible
phase. Blend maps thus show three distinct phases, a PSEHTT phase, a PNDIBS phase, and a
miscible PSEHTT/PNDIBS phase. We note that EDS imaging cannot distinguish between if the
miscible phase is a result of vertical overlap or a result of co-existence in the same plane since
the images are 2D in nature. Nevertheless, this result is consistent with similar observations of
three phases, i.e. pure polymer phase, fullerene-rich phase, and a mixed polymer/fullerene phase,

in polymer/fullerene BHJ films.****

We believe that the observed miscible phase likely plays a
very important role in the charge transfer, separation, and recombination process. These EDS
imaging results reveal critical information on the nanomorphology of all-polymer BHJ films and
thus may provide guidelines for the optimization of the photovoltaic properties through control
of the morphology.

We examined the morphology of poly(3-hexylthiophene) (P3HT): [6,6]-phenyl-C7;-butyric
acid methyl ester (PC;;BM) (1:1 wt/wt) blend films by STEM/EDS to assess feasibility of
applying the method to polymer/small molecule blend systems. Solar cells based on such
P3HT:PC;;BM blend films had a previously reported power conversion efficiency of 3.70 % (Vo
=0.61 V; Jsc = 9.54 mA/cm?; FF = 0.64).>* Our observed typical TEM image (Figure 6.9) of the
P3HT:PC;;BM blend films shows a phase contrast (PCBM-rich areas appear dark and P3HT
bright) that agrees well with previously reported TEM images of P3HT:PCBM blend films.°

STEM image, EDS map for sulfur, and phase distribution map of P3HT of the same area are

shown in Figure 6.9b-d. The bright areas in the STEM image are P3HT-rich domains (aggregates
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of nanowires) and the dark areas are PCBM-rich. A well interconnected network of P3HT donor
with embedded PCBM phases is observed. Although the fullerene (PC;;BM) phase distribution
in the blend could not be mapped directly by EDS because fullerene lacks a high Z element, the
threshold-adjusted sulfur map and thus phase distribution of P3HT (Figure 6.9d) in the blend
also gives some indication of the expected complementary phase of fullerene. An important
possible limitation of the accuracy and spatial resolution of EDS mapping of polymer blends
containing fullerene or other small-molecule materials is the much greater molecular mobility

(diffusion) of small molecules under intense electron beam irradiation.

Figure 6.9 Images of P3HT:PC7BM (1:1 wt/wt) blend film by: (a) TEM, (b) STEM, (c) EDS
map of sulfur, and (d) threshold-adjusted P3HT phase distribution map. Note: TEM image and
STEM image show images for different area of the same film; STEM image and EDS map show
image of the same area.
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Our present results on PSEHTT/PNDIBS all-polymer and polymer/fullerene
(P3HT/PC71BM) BHI solar cells clearly demonstrate that EDS imaging can provide important
new information on the nanoscale morphology of organic solar cells. In addition to sulfur and
selenium, other high Z elements such as Si, Ge, and P> found in current organic photovoltaic
(OPV) materials could enable the use of high resolution EDS imaging to understand the
morphology of BHJ OPV systems. We also envision that EDS imaging as demonstrated here
could potentially be combined with electron tomography'® towards the detailed determination of
the 3D nanoscale morphology of BHJ OPV systems.

6.4 Conclusions

Energy dispersive X-ray spectroscopy (EDS) coupled with scanning transmission electron
microscopy (STEM) has been successfully used to characterize the nanoscale morphology of
BHIJ polymer solar cells for the first time. The model all-polymer BHJ solar cells were composed
of a sulfur-containing thiazolothiazole copolymer (PSEHTT) donor and a selenium-containing
naphthalene diimide-biselenophene copolymer (PNDIBS) acceptor, facilitating high Z-contrast
chemical imaging. The use of EDS coupled with STEM combines the high spatial resolution of
STEM imaging and the high chemical specificity of EDS and therefore, can provide important
information on composition and phase distribution in BHJ blends beyond what is achievable by
current techniques of AFM, BF-TEM, and STEM. EDS imaging showed that the domain size of
PSEHTT decreased as the blend composition changed from 1:1 to 1:3 PSEHTT:PNDIBS weight
ratio. Both PSEHTT and PNDIBS phases consisted of small domains with size of 20-35 nm.

EDS images showed that the blend films were composed of three phases, including a PSEHTT
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phase, a PNDIBS phase, and a miscible PSEHTT/PNDIBS phase. These results demonstrate that

the nanoscale morphology of BHJ polymer solar cells can be determined with high spatial

resolution and chemical specificity by the use of EDS coupled with STEM.
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Chapter 7 Conclusions and Outlook

7.1 Conclusions

In the studies presented in this dissertation, I have primarily focused on the control of the
nanoscale morphology of organic bulk heterojunction solar cells to enhance the photovoltaic
properties of given blends. Specifically, I studied how the block composition of block
copolymers affects their photovoltaic performance, the use of processing additives in
benzobisthiazole-copolymer/fullerene and P3HT/non-fullerene acceptor solar cells, the
fabrication of efficient all-nanowire BHJ solar cells, and the morphology of all-polymer BHJ
solar cells.

I have investigated the photovoltaic, charge transport properties, and morphology of bulk
heterojunction solar cells based on a series of diblock copoly(3-alkylthiophene)s, poly(3-
butylthiophene)-b-poly(3-octylthiophene) (P3BT-b-P30T). The results have shown that
crystalline block copoly(3-alkylthiophene)s have substantially enhanced photovoltaic properties
compared to the parent homopolymers. On the one hand, BHJ solar cells based on P3BT-b-P30T
with varying block compositions (17 - 90 mol% P3BT block) and fullerene derivative (PC7,BM)
showed that the power conversion efficiency strongly depends on the block composition,
reaching a maximum value of 3.0% PCE at 50 mol % P3BT. This efficiency is about a factor of
1.6—9 times higher than the corresponding homopolymer devices made under similar
conditions." On the other hand, study of solution-phase self-assembly of polymer nanowires from
P3BT-b-P30T revealed that the aspect ratio (length/width) can vary significantly according to
the block composition. Bulk heterojunction solar cells based on nanowires/PC;BM
nanocomposites showed a dependence of photovoltaic efficiency (2.9-3.4% PCE) on aspect ratio

of the nanowires. The observed aspect-ratio-dependent photovoltaic properties of the nanowires
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are attributed to enhanced charge separation, transport, and collection in the BHJ devices.” These
results demonstrate that block composition is a facile means of tuning the photovoltaic properties
of block copolymer semiconductors.

I have studied the optimization of BHJ solar cells based on a novel benzobisthiazole
copolymer (PBTHDDT) donor and three fullerene acceptors, PC7;BM, PCs;BM, and 1CsBA,
using a processing additive.’ The impact of modulating the driving force for photoinduced hole
transfer on the photovoltaic properties of BHJ solar cells was investigated. Solar cells based on
PBTHDDT:PC7BM, PBTHDDT:PCs;BM and PBTHDDT:ICsBA blends showed average
efficiency of 3.75%, 2.70%, and 1.52% PCE, respectively. The observed significant variation in
the photovoltaic performance is unlikely a results of blend morphology. Photophysical studies of
the PBTHDDT:fullerene blends showed that all the PBTHDDT:fullerene blends generated long-
lived positive polarons in PBTHDDT and negative polarons on the fullerene upon
photoexcitation of the polymer. While fullerene excitons in PBTHDDT:PC7;BM and
PBTHDDT:PC¢ BM blends appear to undergo photoinduced hole transfer at the donor/acceptor
interface to generate long-lived polarons, selective excitation of the fullerene in
PBTHDDT:ICs0BA blends does not efficiently produce long-lived charges. This low dissociation
efficiency is attributable to the small driving force for hole transfer at the polymer/IC60BA
interface being insufficient to sustain efficient charge separation. A minimum driving force of
~70 meV between donor and acceptor materials is identified. These results provide an important
guide for materials design and device engineering in bulk heterojunction polymer solar cells.

The processing additive strategy in the optimization of BHJ polymer solar cells based on a
non-fullerene small-molecule acceptor was also explored.® It is found that the average power

conversion efficiency of P3BHT:NDI-3TH solar cells is improved from 0.14% to 1.5% by use of a
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1,8-diiodooctane (DIO) processing additive along with a P3HT electron-blocking layer and a
TPBI hole-blocking layer. The underlying mechanism for the enhancement in performance is
that the processing additive regulates the aggregation and domain size and connectivity of the
NDI-3TH phase in the BHJ blends. The optimum concentration of the DIO processing additive
was found to be 0.2 vol%, which is significantly less than the 2.0-3.0 vol% optimum
concentrations previously reported for polymer/fullerene systems. The present results show for
the first time that processing additives can be used to optimize the nanomorphology and enhance
the performance of bulk heterojunction polymer solar cells based on non-fullerene acceptors.

In addition, I have investigated the solution-phase self-assembly and morphology of
nanowires of a series of 6 oligothiophene-functionalized naphthalene diimides (NDI-nTH and
NDI-nT).>® Well-defined nanowires, whose size and detailed morphology varied with the
molecular structure of the NDIs, the solution concentration, and solvent/non-solvent ratio, were
successfully assembled. A comparison of the optical absorption spectra of neat thin films and
nanowire films of NDI-3TH showed a significant red-shift and enhancement of intensity of the
low energy absorption band (600 nm) in the nanowire films, indicating a stronger molecular
order in the nanowires. Bulk heterojunction (BHJ) solar cells made from blends P3HT NWs as
the donor and NDI-3TH NWs as the acceptor showed a power conversion efficiency (PCE) of
1.15%, and a broad EQE spectrum ranging from 300 to 800 nm. These results demonstrate, for
the first time, that all-nanowire organic solar cells can be fabricated by using nanowires of p-type
and n-type organic semiconductor as building blocks.

Finally, energy dispersive X-ray spectroscopy (EDS) coupled with scanning transmission
electron microscopy (STEM) has been successfully used to characterize the nanoscale

morphology of BHJ polymer solar cells for the first time.” The model all-polymer BHJ solar cells
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were composed of a sulfur-containing thiazolothiazole copolymer (PSEHTT) donor and a
selenium-containing naphthalene diimide-biselenophene copolymer (PNDIBS) acceptor,
facilitating high Z-contrast chemical imaging. The use of EDS coupled with STEM combines the
high spatial resolution of STEM imaging and the high chemical specificity of EDS and therefore,
can provide important information on composition and phase distribution in BHJ blends beyond
what is achievable by current techniques of AFM, BF-TEM, and STEM. EDS imaging showed
that the domain size of PSEHTT decreased as the blend composition changed from 1:1 to 1:3
PSEHTT:PNDIBS weight ratio. Both PSEHTT and PNDIBS phases consisted of small domains
with size of 20-35 nm. EDS images showed that the blend films were composed of three phases,
including a PSEHTT phase, a PNDIBS phase, and a miscible PSEHTT/PNDIBS phase. These
results demonstrate that the nanoscale morphology of BHJ polymer solar cells can be determined
with high spatial resolution and chemical specificity by the use of EDS coupled with STEM.
Overall, researches presented here have shed new light on the optimization of organic solar
cells. New device physics has been revealed to guide materials selection in device fabrication,
new morphology characterization techniques have been proposed and demonstrated to better
understand the limiting factors of device performance, and new device processing techniques
have been developed to significantly enhance the photovoltaic properties of known materials.
Knowledge obtained from these studies provides additional guidelines in the design of new
materials with greater photovoltaic performance. With the collective efforts of researchers in the
organic solar cell community, another breakthrough in the power conversion efficiency of

organic solar cells is achievable in the near future.
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7.2 Outlook

Research on organic solar cells is an ongoing hot topic in both academia and industry. The
following are possible future directions in this field.

The richness in the chemistry, physics, materials science, and engineering of m-conjugated
organic semiconductors continues to unfold despite the considerable interdisciplinary advances
in scientific understanding and technological applications of the materials in the past two
decades. The increasing ability to assemble m-conjugated molecular building blocks (small
molecules, oligomers, and polymers) into well-defined crystalline 1D nanostructures is opening
new opportunities for discoveries and interdisciplinary research in many areas as well as for
applications. The various approaches developed for producing organic semiconductor nanowires,
nanoribbons/nanobelts, and nanotubes and the range of accessible dimensions (diameter or width
d, length L) have been demonstrated. Collectively, these strategies can offer a wide range of 1D
nanomaterials and nanostructures with readily tunable electronic, optoelectronic, and photonic
properties, suggesting ways toward high-volume, low-cost, affordable nanotechnologies.
However, the degree of precision achievable in the control of dimensions, composition, shape,
and crystal structure of organic semiconductor nanostructures is still low compared with
inorganic semiconductors. In addition, a better control of the diameter/width, aspect ratio, and
single-crystallinity of organic semiconductor nanostructures is needed to facilitate systematic
basic studies that can be expected to uncover the fundamental limits on properties ranging from
charge and exciton transport to photovoltaic properties. Methods for the facile alignment of
organic nanowires in a preferred direction, beyond templated strategies are also needed since

such an alignment is beneficial for enhanced charge transport, production of polarized light
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emission, and improved absorption and photovoltaic properties, especially when dealing with an
ensemble of nanowires used for various device applications.

Organic solar cells based on a vast variety of non-fullerene n-type materials (polymers,
oligomers, and small molecules) represent another opportunity of technology breakthrough.
Recent advances in organic synthesis have made a variety of novel n-type materials avaialbe in
simple chemistry and low cost compared with fullerenes. These novel electron acceptors have
tunable molecular structures that enable tunable electronic and optoelectronic properties, allow
better photon harvesting in a wider range of solar spectrum, and higher charge carrier mobility.
In addition, a better control of the energy levels of n-type materials allows a systematic explore
and an indepth understanding of the impact of energy level offset on exciton generation and
dissociation, charge transfer, and photovoltaic properties, unachievable in fullerene-based
devices.*” For solar cells based on n-type small molecules and oligomers, one of the major
challenges is lack of new morphology control approaches beyond those used for fullerene-based
devices. Another issue is the possible different photophysics involved in these molecules with
linear geometry compared with spherical fullerenes. In the case of all-polymer solar cells, as seen
from literature, the molecular weight of polymer semiconductors plays a very important role in

1% The morphology control of all-polymer solar cells is

determining the photovoltaic properties.
much less flexible compared with small-molecule-based polymer solar cells in which molecular
diffusion is possible by control of evaporation rate. The other effective method for morphology
optimization of all-polymer BHJ solar cell is the use of solvent mixtures with different ratios.'>"

But the selection of proper solvent is based solely on trial-and-error. The photophysical process

of all-polymer solar cells is much less understood as well. In one word, there are still a lot of
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opportunities in non-fullerene polymer solar cells that potentially have a high impact on organic

solar cells.
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