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Abstract
State-of-the-art organic solar cells rely on kinetically trapped, partially phase separated
structures of electron donor and acceptor blend mixtures. However, blend systems suffer from
morphological instability and disorder near metal contacts which hamper device performance
and lifetime. We demonstrate potential strategies to improve performance of organic
photovoltaics via contact doping with polymer electrolytes and controlling the active layer
morphology using fully conjugated block copolymers.
We demonstrated that polymer acids can act as p-type dopants near electrode interfaces for
active layers containing poly(3-hexylthiophene-2,5-diyl) (P3HT). By varying the pendant acidic
groups across different backbones, we find the effectiveness of doping the conjugated polymer at
the interface depends on the strength of the pendant acid group with stronger acid moieties being
capable of creating more carriers in the doped system. Nevertheless, strong pendant acid groups
also cause phase separation between dopants and conjugated polymers, thus hindering the doping
effectiveness. The overall doping efficacy near electrodes therefore depends on the interplay
between the strength of pendant acid groups and miscibility between polymeric dopants and
conjugated polymers.
To better control the active layer morphology and address morphological instability problem,
we employed fully conjugated block copolymer composed of donor and acceptor blocks as
active

layer

material.

Previously,

we

have

demonstrated

that

poly(3-

hexylthiophene)−block−poly-((9,9-dioctylfluorene)-2,7-diyl-alt-[4,7-bis(thiophen-5-yl)-2,1,3benzothiadiazole]-2′,2″-diyl) (P3HT-b-PFTBT) can self-assemble into 10 nm lamellae with
alternating electron donor and acceptor domains. The resulting solar cell performance is
approximately 3% which clearly outperforms blends of the same component obtained due to the
iii

self-assembly of the block copolymers. Nevertheless, one of the challenges in controlling the
self-assembly of fully conjugated block copolymers is controlling the interplay between
crystallization of the P3HT block and microphase separation between the donor and acceptor. To
this end, we have examined the kinetics of the morphological evolution during two processes:
solution casting and thermal annealing. We find that during film drying, P3HT crystallization
happens on a much faster time scale than phase separation of the two blocks but the
crystallization is significantly suppressed with respect to neat materials, enabling the microphase
separation to proceed at time scales after crystallization of P3HT takes place. This enables the
mesoscale structure to develop during processes such as thermal annealing, because selfassembly of the lamellar structure takes place before the crystallization of P3HT is complete. We
also discover there is competitive crystallization between P3HT and PFTBT. In P3HT-b-PFTBT,
P3HT crystallization dominates while PFTBT crystallization is either delayed or completely
subdue, depending on the volume fraction of P3HT. The overall device performance strongly
depends on the interplay between order phase formation in both P3HT and PFTBT.
To further understand morphology evolution in block copolymer, we employed polarized
resonant soft X-ray scattering (PSOXS) to study the interfacial molecular alignment in P3HT-bPFTBT block copolymer. Using two different batches of block copolymer with different degree
of P3HT crystallization, we found that in block copolymer where P3HT strongly crystallize, it’s
harder to achieve lamellar morphology due to the formation of P3HT crystallites within a
kinetically trapped P3HT and PFTBT amorphous matrix after solvent casting. High thermal
annealing is required to provide enough energy to promote nanoscale phase separation and
lamellae formation. However, the lamellar domains that formed at high temperature are highlyordered with P3HT crystallites embedded inside. Here, P3HT chains aligned parallel with respect
iv

to lamellae domain interface. PSOXS also reveals the molecular orientation of P3HT crystallites
within the P3HT lamellar domain. In block copolymer where P3HT crystallization is suppressed,
weak P3HT crystallization allows for easier lamellae formation at low annealing temperature but
at the cost of well-ordered phase separated domains.
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Chapter 1. Introduction
1.1 Motivation
The limited and finite supply of fossil fuels and the increase in average global temperature
due to carbon emission1 emphasize the urgent needs of renewable energy sources. Photovoltaic
(PV) technology, which directly converts solar energy into direct current electricity using
semiconducting materials, has gained increasing attention as a promising solution to the energy
challenge. Since 1950s, solar cell technology has evolved a long way from first generation PV
devices, which are based on monocrystalline silicon, to second generation, which employed thin
film technologies through the use of amorphous silicon and copper indium gallium selenide
(CIGS) and cadmium telluride (CdTe) technologies2. Figure 1.1 illustrates the progress in device
performance where a world record of 46.0% efficiency has been achieved with inorganic
photovoltaics3,4. However, fabrication of inorganic solar cells is energy intensive and requires
many purification steps and high temperature processing2,5.
In contrast, solar cells utilizing organic semiconductors cost a lot less energy to produce and
can be an attractive alternative to traditional inorganic solar cells. Organic photovoltaics (OPV),
as the third generation solar cell technology, have the potential to produce low-cost, light-weight,
and large-scale solar panels2,6,7. When life cycle analysis was used to look at the total energy cost
to manufacture a solar cell, organic ones require the least amount of energy compared to
inorganic photovoltaics8. As a result, organic solar cells (at 5% power conversion efficiency)
only need 2 ½ months to generate enough electricity to pay back the energy used to manufacture
them while silicon solar cells need more than a year and a half, as shown in Figure 1.2.
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Figure 1.1. Solar cell efficiency records as function of time for various classes of photovoltaic
devices. Record performances were certified by NREL, 2016 3.

Figure 1.2. Energy payback time (in years) for monocrystalline silicon solar cell with 14%
power conversion efficiency (PCE), multicrystalline silicon solar cell with 13.2% PCE, and
flexible organic solar cell with 5% PCE8 .
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There are several factors that make organic semiconductors the ideal materials for solar cell.
Conjugated polymers and semiconducting small molecules have large optical absorption
coefficients, thus allow the use of thin films with thickness on the order of several hundred
nanometers. Most organic materials are also solution processable, and the process of depositing
them is scalable. Organic photovoltaics can be fabricated on flexible substrates using high output
printing techniques for large scale production in a roll-to-roll process6,7. This solution based, low
temperature process can significantly reduce the fabrication cost compared to traditional silicon
solar cells.
Another big advantage of organic materials is their synthetic flexibility. Chemistry can
provides infinite possibilities in chemical structure design; therefore properties such as
conductivity, solubility, and crystallinity can be tuned. Optoelectronic properties, such as
molecular orbital energy levels and bandgaps can be tailored through careful chemical structure
design as well9,10. As shown in Figure 1.3, the bandgaps of polymer semiconductors can be
altered when changing the backbone structures in conjugated copolymers, resulting in distinctive
optical absorption properties.
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Figure 1.3. Chemical structures and absorption spectra of naphtho[2,1-b:3,4-b’]dithiophene
(NDT)-based copolymer semiconductors HMPNDT, PNDT-T and PNDT-BT. Optical absorption
can be tuned by altering the backbone structure in conjugated polymers10.

In the last decade, there is tremendous improvement in OPV performance thanks to the
development of new high performing organic semiconductors (Figure 1.1). Despite the
remarkable power conversion efficiency of 11.5% (Hong Kong UST) achieved recently, it is still
below the efficiency benchmark (~15-20%)2 required for OPV to be economically feasible and
competitive in large-scale power generation market. Further improvements in organic solar cell
performance are facing the challenges of eliminating contact barriers at the metal-semiconductor
interfaces and optimizing the morphology in the photovoltaic active layer. Organic photovoltaics
rely on blending of electron donor and electron acceptor materials with certain differences in
their molecular orbital energy levels. The mixture undergoes partially phase separation to create
large area of interfaces that are beneficial for efficient charge photogeneration11–13. However, the
disorder nature of blend system and the weak intermolecular interaction between donor and
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acceptor materials make it challenging to control the morphology of blends and limit the stability
and performance of organic photovoltaics. Disordered active layer near the electrodes also
creates contact problems since it is possible for either hole/electron transporting materials to
make contact with the wrong electrode and create shorting.
Many efforts on improving the performance of organic solar cells have focused on
optimizing the active layer morphology using a variety of processing techniques 14–16. In this
thesis, we will explore novel ways to overcome challenges currently faced in organic solar cells.
These include the use of new materials as interfacial layers between active layer and contacts and
employing block copolymer for morphology control in the active layer.
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1.2 Principles of Organic Photovoltaics
A typical organic solar cell is composed of a mixture of electron donor and electron acceptor
materials. Figure 1.4 shows the chemical structures of most commonly used organic
semiconductors: regioregular poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM) for organic solar cell applications. P3HT, like many semiconducting
polymers, has a conjugated backbone that is composed of alternating single and double carbon
bonds which form a series of overlapping π orbitals. This overlapping in electron cloud allows
the delocalization of π electrons across the whole conjugated system, thus giving the
semiconducting behavior. Figure 1.5 shows the molecular orbital energy levels as function of
conjugation length. As the conjugation length increases, the bandgap (Eg) becomes smaller. The
band structure of fully conjugated polymer such as polyacetylene is analogous to the bands in
inorganic semiconductors17. The difference in energy between the highest occupied molecular
orbital (HOMO) level and the lowest unoccupied molecular orbital (LUMO) level dictates the
optical and electronic properties of organic semiconductors.

Figure 1.4. Chemical structure of a) poly(3-hexylthiophene) (P3HT) and b) [6,6]-phenyl-C61butyric acid methyl ester (PCBM). P3HT is commonly used as electron donor while PCBM is
electron acceptor in organic blend solar cells. Images are taken in Sigma-Aldrich website.
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Figure 1.5. Molecular orbital energy levels as function of conjugation length. VB and CB are
valance band and conduction band in inorganic semiconductor. HOMO and LUMO are highest
occupied molecular orbital and lowest unoccupied molecular orbital respectively. As conjugating
length increase, the bandgap (Eg) between HOMO and LUMO decreases 17.

Standard solar cell architecture is shown in Figure 1.6 where the active layer is sandwiched
between a transparent anode and a metal cathode. The active layer is composed of photovoltaic
functional materials where photogeneration process takes place. Sunlight comes through the
transparent electrode, get absorbed and converted into free charges inside the active layer. The
free charges are then transported to the appropriate electrodes and directed into external circuit to
do work.
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Figure 1.6. Schematic of a typical organic solar cell architecture . The active layer is composed
of electron donor and acceptor materials and is sandwiched between transparent anode and metal
cathode.

The photogeneration process in organic photovoltaics involves a series of sequential steps as
illustrated in Figure 1.7. The two main components of photovoltaic process are an electron donor
and an electron acceptor with certain differences in their HOMO and LUMO energy levels.
Upon the absorption of light in the donor material, electron is promoted from HOMO level into
higher energy LUMO level and leaves a positive hole behind. This is where organic
semiconductors are fundamentally different from inorganic ones. In inorganic semiconductors,
photon absorption would directly generate free charge carriers. While in organic semiconductors,
the photo-excited electron and hole are tightly bound by electrostatic Coulomb forces and form
an electron/hole pair called exciton. This is because organic materials have short-range electron
delocalization and low dielectric constant
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. Driven by concentration gradients, excitons can

then diffuse to donor-acceptor interfaces within their diffusion length. Beyond the diffusion
length, the photo-excited electron in the LUMO level will recombine to the ground state and will
contribute nothing to the current. At the donor-acceptor interface, excitons can be dissociated
into free charges through electron transfer from donor to acceptor materials driven by their
energy level difference. This forms charge-transfer (CT) states, which are spatially separated
8

charges across the interface. Photogenerated excitons from acceptor material can also participate
in current generation process as well. At the donor-acceptor interface, the excitons from acceptor
materials can be quenched by hole transfer from acceptor to donor due to the energy offset at
HOMO levels. Thus, sufficient energy offset in both HOMO and LUMO levels of donor and
acceptor materials is necessary to overcome the strong binding energy of exciton in order to
generate free charges. Further separation of the interfacial charge-transfer states provides free
electrons and holes, which can then be transported through donor and acceptor domains to the
corresponding electrodes and generate current.
In summary, the photocurrent generation process in organic solar cells involves four major
steps: light absorption, exciton diffusion, charge separation, and charge transport. Figure 1.8
illustrates these subsequence steps in the schematic of the active layer structure. Each of these
steps put different constraints on the morphology of the active layer that are contradicting with
each other. Section 1.3 explores the paradox of morphology requirements for organic solar cells.
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Figure 1.7. Energy level diagram at donor-acceptor interface illustrating the four major steps in
photogeneration process: (a) light absorption, (b) exciton diffusion, (c) charge transfer and
separation, and (d) charge transport and collection18.

Figure 1.8. Schematic of light absorption, exciton diffusion, charge separation, and charge
transport processes in the active layer of organic solar cells.
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1.3 Morphology Requirements for Efficient Organic Solar Cells
For efficient power conversion, the active layer morphology in organic solar cell must satisfy
the requirements imposed by the four major steps in the photocurrent generation process. Each
step in the current generation process has different requirements on morphology that are often
contradicting each other. Figure 1.9 illustrates the optimal morphology for each of these steps.
For efficient light absorption, the active layer must be thick enough, in the order of 100-200
nm. This thickness is sufficient to maximize the number of excitons generated upon photon
absorption. However, in most semiconducting polymers, excitons can only diffuse a short
distance of approximately 5-10 nm during their lifetime19,20. Therefore, it is critical to control
and have the domain size on the same order of the exciton diffusion length so that photoexcited
electron-hole pairs can reach the donor-acceptor interface for charge separation before
recombination occurs. In order to maximize charge separation efficacy, a large amount of donoracceptor interfacial area is required. However, separated free carriers require continuous pathway
throughout the active layer for efficient charge transport to the relevant electrode. It’s
challenging to maximize both the interfacial area as well has having continuous pathway at the
same time. Thus, a central challenge in designing high-performance organic solar cells involves
designing a morphology that has a delicate balance between these requirements.
The first efficient organic solar cell was reported by Tang et al. in 1986 with power
conversion efficiency (PCE) of 1% 21. This device had a donor/acceptor bilayer structure, similar
to the first panel illustration in Figure 1.9. The performance was moderate since the excitons’
short diffusion length only allows the photoexcited states within the 10 nm range near the donoracceptor interface to undergo dissociation. Excitons generated outside this regime will undergo
recombination before they can reach the interface, resulting in significant exciton losses. The
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competing length scales between light absorption (~100 nm) and exciton diffusion (~10 nm)
limit the performance of bilayer photovoltaic devices.

Figure 1.9. Schematics of the optimal morphologies for each of the photogeneration step. These
morphologies are often contradicting each other, leading to challenges in developing and
optimizing a final morphology that satisfy all the requirements for efficient photogeneration.

A breakthrough in active layer morphology design is when the bulk heterojunction (BHJ)
structure was introduced where a partially phase-separated structure is created upon solution
deposition of donor/acceptor mixture14–16,22,23. As shown in Figure 1.10a, BHJ architecture
involves an interpenetrating network of donor and acceptor domains with size on the order of
exciton diffusion length. The BHJ architecture achieves some balance between optimizing light
absorption, charge separation, and charge transport. BHJ morphology, with high amount of
interfacial area throughout the thick active layer (~100 nm), can maximize both photon
absorption and reduce the distance excitons need to travel before reaching an interface at the
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same time. As a result, photogeneration of charges is enhanced, leading to better device
performance based on polymer/fullerene mixtures12,24,25. However, as BHJ morphology relies on
phase separation between donor and acceptor materials, it is challenging to control the complex
structures in BHJ morphology. BHJ architecture presents difficulties in creating and maintaining
the maximize amount of interface as well as the continuity of phase separated domains.
Figure 1.10b shows the schematic of ideal active layer morphology where donor and acceptor
domains are interspaced to create a structure that is optimized for the amount of interfacial area
while retaining bicontinuous transport pathways. The size of donor and acceptor domains is on
the same order with exciton diffusion length (~10 nm), providing easy access to interface for
charge separation. The alternating donor and acceptor domains form direct paths for charge
transport to the corresponding electrodes. However, such morphology is very challenging to
create and control using blends of donor and acceptor materials. Chapter 2 discusses new
strategies to enable full control of active layer morphology.

Figure 1.10. Schematic of active layer structure for a) bulk heterojunction morphology and b) an
ideal ordered heterojunction polymer solar cells with alternating donor and acceptor domains that
serve as highways for charge transport to appropriate electrodes.
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1.4 Characterization of Photovoltaic Performance
Current-voltage (J-V) characteristics can be measured to determine the device performance.
Figure 1.11 shows a typical current density (J) response as function of applied voltage (V) for
organic solar cells under simulated one sun illumination. Under no illumination, organic solar
cells exhibit diode behavior. Upon light illumination, solar cells act as photocurrent generator.
There are four important device parameters that are used to characterize the photovoltaic
performance of organic solar cells. They are the open-circuit voltage (Voc), the short-circuit
current (Jsc), fill factor (FF), and overall power conversion efficiency (PCE). As shown in the J-V
curve in Figure 1.11, Voc is the voltage generated by the solar cell when the device current equals
zero. Jsc is the current density at zero applied voltage. Together, both Jsc and Voc represent the
maximum current density and voltage that can be generated when the solar cell is operated under
one sun illumination.

Figure 1.11. Current-Voltage (J-V) characteristics under simulated one sun illumination for
PTB7:PCBM bulk heterojunction solar cells.
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From J-V data, power output, which is a product of current and voltage, can be calculated as
function of applied voltage and is represented as a red curve in Figure 1.11. Maximum power
output (Pmax) can be found and that is the optimum operation conditions for efficient power
conversion in solar cell. The fill factor can be defined as the division of Pmax by the product of Jsc
and Voc (equation 1.1). Fill factor describes the shape of J-V curve, particularly the “squareness”
of it.
𝑃

FF = 𝑉 𝑚𝑎𝑥
∙𝐽

(1.1)

𝑜𝑐 𝑠𝑐

The physical meaning of fill factors in organic solar cells is currently not fully understood.
However, there is evidence that charge transport properties within the active layer play an
important role 26. The overall efficiency is determined by calculating the ratio between maximum
power output of the solar cell (Pmax) and the incident light intensity (Pin). Efficiency can also be
expressed in terms of Jsc, Voc, and FF as shown in equation 1.2.
𝑃𝐶𝐸 =

𝑃𝑚𝑎𝑥
𝑃𝑖𝑛

=

𝑉𝑜𝑐 ∙𝐽𝑠𝑐 ∙FF
𝑃𝑖𝑛

(1.2)

Theses performance parameters are all strongly dependent on the materials and the active layer
structure.
The short circuit current, Jsc, is the maximum current a cell can generate. It is a result of light
absorption, exciton diffusion and dissociation, charge separation, and charge transport and
collection efficiencies. In order to quantify these efficiencies, external quantum efficiency (EQE)
and internal quantum efficiency (IQE) can be measured. External quantum efficiency is the ratio
between electrons output by the solar cell and the total incident photons shining on the solar cell.
EQE is a function of wavelength, λ, and integration of EQE spectrum would yield the short
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circuit current Jsc. EQE is the product of the performance of all the steps in the photoconversion
process as shown in equation 1.3:
𝐸𝑄𝐸(𝜆) = 𝜂𝑎𝑏𝑠 (𝜆) 𝜂𝑑𝑖𝑓𝑓 (𝜆) 𝜂𝑐𝑠 (𝜆) 𝜂𝑡𝑟 (𝜆)

(1.3)

where ηabs, ηdiff, ηcs, and ηtr represent the efficiencies of photon absorption, exciton diffusion,
exciton separation, and charge transport respectively. Among these parameters, the photon
absorption efficiency is governed by the material’s optical properties as well as solar cells
architecture that may affect light transmission and reflection. Internal quantum efficiency, on the
other hand, is defined as the ratio between total electron output from a solar cell and the number
of photons that are absorbed by the solar cell. Thus, IQE is basically EQE without the photon
absorption efficiency component as shown in equation 1.4:
𝐸𝑄𝐸(𝜆)

𝐼𝑄𝐸(𝜆) = 𝜂

𝑎𝑏𝑠 (𝜆)

(1.4)

IQE is more sensitive to the internal active layer morphology and the electronic structures at the
donor-acceptor interface. It can be calculated from EQE spectrum if the light absorption
efficiency as function of wavelength is known.
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Chapter 2. Challenges in the field of organic photovoltaics
and Objectives & Approaches

2.1 Structural Limitations in Polymer Blend Organic Photovoltaics
Organic photovoltaics (OPVs) are promising photo conversion devices that can directly
harnessing the energy from the sun. They play an important role in creating a sustainable energy
supply system in the near future. Compare to inorganic photovoltaics such as silicon based
devices, OPVs offer quicker energy payback time, 1-2 years vs. 3-5 years1, due to inexpensive
and non-energy intensive fabrication techniques such as inkjet printing and roll-to-roll
processing. OPVs have received increasing attention in recent years and have evolved from a
planar heterojunction structure designed by Tang et al. in 1986 2 to the bulk heterojunction (BHJ)
structure commonly used today. In BHJ solar cell, a bicontinuous interpenetrating network is
created by the phase separation between donor and acceptor materials. The power conversion
efficiency has greatly leaped forward from around 1% for Tang’s device to approximately 10%
for single-junction polymer/fullerene blend solar cells

3–5

. However, further improvements in

polymer/fullerene blend OPVs is limited by the weak absorption of fullerene under solar
spectrum, as shown in Figure 2.1.
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Figure 2.1. Optical absorption spectra of neat PCBM films (blue) and AM 1.5 Global solar
spectrum (orange). Data for solar spectrum were obtained from Solar Spectral Irradiance: Air
Mass 1.5 at National Renewable Energy Laboratory website.

To overcome the weak absorption limitation of fullerene, polymer/polymer blend solar cells,
where both the donor and acceptor materials are composed of conjugated polymers, were
developed. Polymers offer synthetic flexibility so that properties like solubility, crystallinity, and
absorption properties can be tuned 6. For example, copolymers with poly-fluorene block have
been shown to be a promising candidate to replace fullerene to be the next generation of acceptor
materials7. Fluorene, when copolymerized with another groups such as dithienylbenzothiadiazole (TBT), creates low band gap materials8 that has improved electron transport
over fullerene7. Fluorene is often copolymerized with another polymer in an alternating fashion.
An

example

is

poly((9,9-dioctylfluorene)-2,7-diyl-alt-[4,7-bis(3-hexylthien-5-yl)-2,1,3-

benzothiadiazole]-2’,2”-diyl) (PF8TBT). Figure 2.2 compares the HOMO/LUMO energy levels
as well as absorption spectra of P3HT, PF8TBT, and PCBM.
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Figure 2.2. (a) Top: Chemical structure of PF8TBT. Bottom: energy level diagram showing
HOMO and LUMO levels of P3HT, PF8TBT, and PCBM. (b) Normalized absorption spectra of
neat PF8TBT, P3HT, and PCBM films7.

PF8TBT, when compared to PCBM, exhibits much stronger absorption in the 450 nm to 625
nm range, thus can absorbs more photons from solar radiation. LUMO level of PF8TBT is also
higher than that of PCBM (3.15 eV compared to 3.7 eV). This creates a greater energy gap
between donor (P3HT) HOMO and the acceptor LUMO levels and can improved device Voc7.
Performance of all-polymer solar cells have improved steadily in recent years, achieving
efficiencies beyond 7%9.
Despite great efforts in developing new polymeric acceptor materials, both polymer/fullerene
and polymer/polymer based solar cells rely on phase separation between donor and acceptor
materials to create BHJ architecture. This blend morphology has several drawbacks that limit the
full potentials of high-performing organic semiconductors. One major challenge lies in the
delicate balance between optimizing the amount of interfacial area for charge separation while
maintaining the continuity of phase separated domains that are critical for charge transport. As
cast film of donor/acceptor blend initially contains many microscopic phase separated domains
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as shown in Figure 2.3a. These small domains are favorable for exciton diffusion and
dissociation, thus can maximize charge photogeneration. However, these small domains also
tend to be dispersed and isolated. Therefore, in the absence of interconnected pathways, these
isolated domains create defects that trap charges locally and hamper the overall photoconversion
process. To overcome this problem, processing methods such as thermal annealing have been
added to promote the formation of interconnected pathways between domains10. Figure 2.3b
shows domain coarsening in the active layer after thermal annealing. As a result, there is better
phase continuity throughout the entire film for efficient charge transport. However, a
consequence of improved interconnected pathways is a reduction in the amount of interfacial
area, which reduces charge separation efficiency. With the right processing conditions to control
the mesoscale phase separation in OPVs, the overall device performance is improved11.
Nevertheless, this signifies the limitation in blend solar cells, specifically bulk heterojunction
morphology. It is impossible to maximize both the amount of interfacial area for charge
separation and the amount of continuous pathways for charge transport at the same time. We
always have to sacrifice some interfacial area for better charge transport in the system.

Figure 2.3. Schematic illustration of bulk heterojunction morphology in organic solar cell of a)
as-cast film prior to annealing and b) after annealing. As-cast morphology structure has large
interfacial area for charge separation but suffers poor transport pathways. Annealing sacrifices
some interfacial area for better interconnected pathways for charge transport.
22

Another limitation of blend systems is the disorder at donor-acceptor interfaces. In mixtures
of polymer/polymer (Figure 2.4a) or polymer/small molecules (Figure 2.4b), weak
intermolecular interactions between different materials make it almost impossible to control the
interfacial structure, which limit the potential of organic solar cells. Electronic structure near the
donor-acceptor heterojunctions is crucial to the charge separation process in organic
photovoltaics12,13. It has been reported that proper control of molecular orientations between
donor and acceptor is critical to ensure efficient photovoltaic conversion14,15.

Figure 2.4. Schematic of disorder interface in a) polymer/polymer blend and b)
polymer/fullerene blend solar cells.

The weak intermolecular interaction in blend systems also make the phase separated structure
unstable, especially when there’s external energy such as heat imposed on the system. Blend
mixtures, upon deposition, form a kinetically-trapped structure16 that is unstable when exposed to
heat, thus limit the stability and lifetime of organic photovoltaics17,18. Phase separation in blend
systems, from a thermodynamic perspective, is an interplay between enthalpy penalty and
entropy of mixing. Since, entropy of mixing is inversely proportional to polymer’s molecular
weight, the entropy of mixing of large polymer molecules is very small. The interaction energy
between dissimilar molecules in blends is unfavorable to mixing and is the main driving force for
large scale phase separation. In solution phase, the solvent molecules help form homogeneous
mixed phase. As the solvent evaporates upon solution deposition, the increase in interaction
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energy between dissimilar organic semiconductors in blend systems drives phase separation.
When the solvent concentration continues to decrease, polymer chains become less mobile.
When the glass transition point is reached, the as-cast film morphology is kinetically trapped
with mesoscale phase separation16. Thermal annealing above the glass transition temperature
helps increase the polymer chains mobility and drives large scale phase separation towards
equilibrium.
Besides, many organic semiconductors are semi-crystalline materials. Crystallization also
serves as another main driving force for phase separation in polymer/polymer or polymer/small
molecules blends17. Figure 2.5 shows a series of optical micrographs for P3HT:PCBM blend
films annealed at 120oC for various time19. It is noticeable that the PCBM clusters are formed
after 4 hours of annealing and continue to grow with longer annealing time. During thermal
annealing, P3HT crystallizes to form largely pure crystalline domains20. The PCBM molecules
are expelled from the highly crystalline P3HT phases and form large aggregates20,21 as seen in
Figure 2.5.

Figure 2.5. Optical micrographs of P3HT:PCBM blend films annealed at 120oC for various time.
As-cast, the morphology is kinetically trapped. Phase separation becomes severe with increasing
annealing time19.
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Even if we can create a perfect morphology during processing, in normal solar cell operation,
due to constant exposure to sunlight and heat, blend morphology will constantly evolve and
move towards large scale phase separation, and that will compromise device stability.
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2.2 Limitation of Interfacial Layers: Constraints and Material Choices
Bulk heterojunction architecture offers a balance between the amount of interfacial area for
charge separation and the continuity of phase separated domains for charge transport. However,
the disorder nature of blend morphology, particularly near the electrode interfaces, can create
contact problems. Figure 2.6a illustrates possible shorting in OPVs cause by having electron
transporting material making contact with the wrong electrode. Besides possible shorting
problems, due to the energy level misalignment between electrodes and organic semiconductors,
organic solar cells have energy barriers at the metal-semiconductor interface that limits charge
collection efficacy (Figure 2.6b).

Figure 2.6. a) Schematic of possible shorting at transparent electrode in OPV where electron
transporting material makes contact with anode. b) Energy level between p-type semiconductor
and metal contact showing barrier at the interface. W indicates the interfacial barrier width.

Energy barrier at metal-semiconductor is created by the formation of depletion region near
the metal-organic semiconductor interface. The depletion region is formed upon the contact
between metal and semiconductor. Take the metal anode and p-type organic semiconductor
contact for example. Anode metal contact has an excess of free electrons while p-type
semiconductor has an excess of holes compared to the anode. When placed together, electrons
and holes diffuse into regions with lower concentration of electrons and holes. Thus, electrons
from anode migrate to the p-type semiconductor and holes migrate to the anode side. The
26

departing electrons from the anode leave positive ions behind. Likewise, the holes leave negative
ions on the p-side. Following transfer, the diffused electrons come into contact with holes on the
p-side and are annihilated by recombination. Similarly for the diffused holes on the anode side.
The net result is all the diffused electrons and holes are eliminated, leaving behind the charge
ionic species adjacent to the interface. In this region, there is no mobile carriers, hence the name
depletion region, where free carriers are being depleted. The uncompensated ions are positive on
the anode side and negative on the p-type semiconductor side. This generates an electric field
that provides an opposing force to the continued diffuse of charge carriers. When the electric
field is large enough to arrest further electrons and holes diffusion, the depletion region has
reached its equilibrium dimension. The electric field across the depletion region gives rise to the
barrier voltage that limits charge collection efficacy in OPVs.
In organic solar cells, the contacts between electrodes and organic semiconductors play a
crucial role in extracting the net potential out of the solar cell. It is desired to establish ohmic
contacts for both anode and cathode such that there is minimal energy barrier at the metalsemiconductor interface to promote efficient charge collection. However, that is a challenge in
the field of OPVs due to the mismatch in work functions. An interface barrier of roughly a few
tens of mV can result in significant charge accumulation at electrode-semiconductor interface
and promote significant recombination loss and inferior photovoltaic performance22. An
estimation of up to 200 mV in open-circuit voltage (Voc) is lost at each electrode interface;
therefore, with the implementation of ohmic contact, the overall efficiency can be improved by
50%23.
Most efforts to improve charge extraction at the interface rely on matching the work function
of the metal electrode to the HOMO or LUMO level of the organic semiconductor to minimize
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energy offset and lower the interfacial barrier. Materials with high work function are used for
hole extraction while low work function materials are utilized for electron extraction. These
constraints on work function limit the freedom of electrode material choice. In the case of anode
material, the requirement to be transparency (for sun light to pass through) imposes another
constraint. That makes it harder to find a material that satisfies both the desired work function
and transparency characteristic. This is a challenge not only in the field of organic solar cell but
in organic electronics field as well. Many cathode materials such as calcium and aluminum,
which have the correct energy level, are unstable in air. While many transparent anode materials
such as indium tin oxide (ITO) and fluorine doped tin oxide (FTO) do not have matching energy
level with the HOMO of donor materials in OPVs.

By contrast, inorganic electronic devices rely on selective area doping near the electrodesemiconductor interface via ion implantation24 to solve interfacial barrier problem. In this
process, the inorganic semiconductor is doped with ionic species, thus free carriers near the
interface will decrease the injection barrier width and promote charges tunneling through the
barrier. Unfortunately, doping of the electrode-semiconductor interface via the addition of
mobile ions is not applicable to organic solar cells. The bulk heterojunction morphology used in
organic solar cells is highly amorphous, thus, the small ionic species will diffuse into the active
layer. The uncontrolled diffusion of ionic species within the active layer is harmful to device
lifetime and performance, since it can create unwanted doping regions. Currently, the leading
strategy to minimize contact losses at the electrode-semiconductor interface employs the use of
interfacial layers. The introduction of an interfacial layer between the metal contact and organic
semiconductor has many impacts on not just the performance of OPVs but also on the overall
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interface properties as well. It could affect device morphology and vertical phase separation. The
main functions of the interfacial layer are discussed below.

Interfacial layers allow the formation of a selective contact for single types of charge carrier.
Charge selectivity at the interface is very important to ensure that the appropriate charges are
collected at the appropriate electrodes by blocking the charge carrier flow towards the
unfavorable direction. Materials with wide bandgaps can be used as exciton blocking layer to
eliminate exciton quenching at the metal-semiconductor interface25–28. Other interfacial layers
allow the selective transportation of either electrons or holes. For example, an interfacial layer
with hole blocking properties can serve as electron-transporting layer while a material with
electron blocking properties can be used as hole-transporting layer. The incorporation of these
interfacial layers can significantly improve the charge selectivity at the electrodes, thus improve
device performance. These materials have been widely used in the field of organic light emitting
diodes29–31. Interfacial layers can also help minimize the energy barrier at the interface for
efficient charge extraction. In order to do that, the interlayer materials must be able to donate free
carriers to the depletion region, thus, reducing the interfacial barrier width and allow holes or
electrons to tunnel through.

The introduction of interfacial layer can modify surface properties and alter active layer film
morphology. The surface properties of the underlying substrate are capable of affecting the
active layer morphology of OPVs due to surface-directed spinodal decomposition, especially
during the spin coating process of active layer32–34. Substrate surface properties can be modified
with self-assembled monolayers to alter the molecular arrangement at the interface, thus,
affecting vertical phase morphology and contact properties.
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Interfacial layers can also help suppress the diffusion and reaction between electrode
materials and organic semiconductors. An interfacial layer is necessary to prevent the diffusion
of metal ion from the electrodes into organic layer, which could cause significant leakage
current35,36. The chemical reaction at the metal-organic interface can alter contact properties,
which lead to the formation of interfacial dipole barriers and results in the s-shape current
density-voltage curve, as speculated by Uhrich et al.37. These are the main benefits and function
of incorporating an interfacial layer into organic solar cell structures. The requirements for
interfacial materials at the cathode and anode contacts are different. This is due to the fact that
cathode contacts are typically in the back so being transparent is not a main concern. Anode
contacts, however, need to be transparent so sun light can pass through and reach the active layer
for photoconversion process.

Typically, the cathode interface must have a low work function contact for efficient electron
extraction. The most common cathode materials in OPVs application are aluminum and silver.
However, the thermal evaporation process used to deposit these materials usually alters the
quality of the interface. The hot metal atoms from thermal evaporation can diffuse into the active
layer and cause chemical interaction at the interface38,39. To overcome this problem, Logdlung et
al. and Antoniadis et al. suggested the insertion of a calcium or barium layer in between
aluminum electrode and organic semiconductor to act as a buffer layer and protect the
metal/organic interface. Alkali metal compounds such as lithium fluoride (LiF) and caesium
fluoride (CsF) have been used in OLED to provide a low work function contact. Titanium
dioxide is also commonly used as an electron transport layer and is a robust diffusion barrier
against oxygen and water. The incorporation of dopants is another method to modify the surface
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properties. However, report on using organic interfacial material in polymer solar cell have been
scarce.

The leading strategy for minimizing contact losses at the anode-organic semiconductor
interface in OPVs employs the use of PEDOT:PSS film. PEDOT:PSS is a polymer mixture
containing a semiconducting polymer, poly(3,4-ethylenedioxythiophene) (PEDOT), and
polystyrene sulfonate (PSS). The incorporation of PEDOT:PSS in between transparent ITO
contact and the active layer has been shown to significantly improve OPV device performance40–
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. The advantage of employing PEDOT:PSS as anode interfacial layer is based on several

properties of the material. PEDOT:PSS has low light absorption coefficient, thus, an interlayer of
approximately 80 nm is transparent enough to allow a majority of visible light to pass through
and reach the active layer. The high work function of PEDOT:PSS, in the order of 5.0 to 5.2
eV43, makes it a perfect hole transporting layer and prevents electron from contacting the anode.
Some also suspect PEDOT:PSS to planarize the rough ITO surface by smoothening out surface
imperfections and prevent pinholes formation44.

Despite its advantages, the introduction of PEDOT:PSS as interlayer in OPV devices also
faces many obstacles. Due to the acidity nature, PEDOT:PSS can etch the ITO and imposes
potential lifetime instability45. XPS studies show that the ITO-PEDOT:PSS interface is not stable
and indium diffuses into the PEDOT:PSS layer. Some studies also reveal that using PEDOT:PSS
as an electron blocking layer is inefficient due to electron leakage at the anode46,47. OPV devices
with PEDOT:PSS are susceptible to degradation to the hydroscopic nature of PEDOT:PSS.
PEDOT:PSS layers absorb water from the atmosphere and release it into the active layer. The
presence of water in the active layer will lead to severe device degradation as water may corrode
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the metallic contacts or will oxidize the organic semiconducting layer. Clearly, a better
alternative is needed to overcome the disadvantages of PEDOT:PSS and prolong device stability
and lifetime.
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2.3 Block Copolymers for Better Morphology Control in Organic Photovoltaics
As discussed in Section 2.1, the distinctive bulk heterojunction (BHJ) morphology of blend
system offers some compromise between the amount of interfacial area for charge separation and
the continuity of phase separated domains for charge transport. However, it is challenging to
control the morphology of BHJ to the nanoscale level. BHJ architecture is also
thermodynamically unstable, thus compromise device lifetime and stability.
Our strategy to overcome the challenges in BHJ morphology is to employ block copolymer
as the main component in organic solar cell active layer. Block copolymers can self-assemble
into morphologies that are promising for OPV applications. Block copolymers are composed of
blocks of chemically different polymer that are joined together through covalent bonding, as
shown in Figure 2.7. Diblock copolymer contains two different chemical blocks while triblocks,
tetrablocks, and multiblocks are composed of three, four, or multiple blocks of polymers. The
incompatibility between different polymer blocks drives the material to phase separate into
distinct domains of the polymer constituents. The covalent bonds between blocks, on the other
hand, act as counterbalance to the repulsive interaction between chemically different polymer
segments, thus giving block copolymer morphology thermodynamic stability and prevent largescale phase separation. As a result of the competitive forces between repulsive interaction and
chain connectivity, block copolymers self-assemble into nanoscale periodic structures48.

Figure 2.7. Schematic for linear diblock and triblock copolymers. Each block (different color) of
polymer is composed of a sequence of identical repeating units. Blocks are joined together by
covalent bonds to form diblock (AB) or triblock (ABC) copolymers.
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Many efforts, both theoretically and experimentally, have been done to understand the selfassembly nature of flexible diblock copolymers48–50. Figure 2.8a shows the phase diagram for a
flexible linear A-B diblock copolymer predicted using self-consistent mean-field theory48,50.
Different morphologies such as spheres (S), cylinders (C), gyroids (G), and lamellar (L) are
determined by the block copolymer composition, f, and the parameter χN. N is the degree of
polymerization while χ is the Flory-Huggins interaction parameter. χ describes the miscibility
between two polymer segments48,51. A positive χ value indicates net repulsive interactions that
favor phase separation. A negative χ value means the system favor mixing. For block copolymer
with chemically distinct segments, χ is typically positive. The product χN reflects the segregation
strength of the different polymer blocks51. The order-disorder transition has a χN critical value of
approximately 10.5. When χN exceeds the critical value, the block copolymer undergoes
segregation into periodic nanostructures16,51. Below the critical value, entropy of mixing is
greater than enthalpic interactions, thus a disordered structure is formed. In the ordered phase
space, a variety of nanostructures such as spheres, cylinders, gyroids, and lamellar can be
produced depending on the volume fraction f of the constituent block (Figure 2.8b).
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Figure 2.8. a) Phase diagram tabulated from self-consistent mean-field calculation for flexible
linear diblock copolymer. Equilibrium morphologies include lamellar (L), gyroid (G), cylindrical
(C), spherical (S), closely-packed spherical (CPS), and disordered phase, depending on the
volume fraction of block A, fA, and parameter χN. χ is the Flory-Huggins interaction parameter
while N is the degree of polymerization48. b) Schematic of different equilibrium nanostructures
in flexible linear diblock copolymer48. Domains of A and B are shown in blue and red
respectively.

Among these morphologies, lamellar structure is a promising candidate for organic
photovoltaic applications52. Figure 2.9 illustrates what a lamellar morphology in organic solar
cell looks like if the block copolymer is consisted of donor block (blue) and acceptor block (red).
The active layer is composed of alternating donor and acceptor domains and the domain size can
be controlled on the order of 10 nm. That matches with the exciton diffusion length and provides
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a large amount of interfacial area for charge separation. The alternating donor and acceptor
phases would serve as highway for efficient charge transport. Since the donor and acceptor are
bonded together, we also have better control at the interface. Block copolymer composed of
donor and acceptor blocks offers an opportunity to optimize charge separation and charge
transport simultaneously.

Figure 2.9. a) Schematic of different equilibrium nanostructures in flexible linear diblock
copolymer. Inset shows the zoomed-in detail between donor and acceptor domains in lamellar
morphology. b) Schematic of ideal lamellar morphology incorporated as active layer in organic
solar cells.

The covalent bond between two blocks that serves as a counterbalance to the repulsive
interaction between dissimilar blocks also provides a way to control the interfacial structure for
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effective charge separation. Previous efforts have been done to study the covalent bond linkage
between donor and acceptor blocks51,53,54. When the link between donor and acceptor block is
non-conjugated, the insulating nature of the linkage at the interface can hamper the charge
transfer process, resulting in poor photovoltaic performance. Alternatively, the donor block can
be directly linked with the acceptor block to form fully conjugated block copolymer. This way,
conjugation is maintained across the entire polymer chain55. Fully conjugated donor-acceptor
block copolymers have great potentials to serve as active layer materials since they incorporated
electronic functionalities with self-assembly properties. Interfacial structure in these block
copolymer systems can be controlled by tuning the chemical structure at the covalent linkage56.
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2.4 Use of Polymeric Dopants as Interfacial Layer.
As mentioned in Section 2.2, the current leading strategy to minimize contact losses at the
anode-organic semiconductor interface in OPVs is to employ PEDOT:PSS as interfacial layer. It
has several advantages and satisfies the transparency constraint for anode interfacial layer
materials. However, it also has some major disadvantages that need to be overcome.
To address the problems of charge extraction at electrode-semiconductor interface, especially
the anode transparent contact, our strategy is to employ the use of polymeric dopants to dope the
contact interface. Doped contacts have the potential to enhance charge extraction and improve
the overall performance of OPVs. Figure 2.10 shows our strategy to create ohmic contacts in
OPVs through localized doping of the organic semiconductor at the electrode-semiconductor
interface. This approach allows us to have more freedom in terms of material choice for OPVs
electrodes since we expect the polymeric dopants is universal and can be applied to a wide
variety of contacts and organic semiconductors.

Figure 2.10. Strategy for localized doping of OPVs electrode-semiconductor with polymeric
dopants.

This approach modifies the electrical properties of organic semiconductors near the electrode
interface by doping and reducing the interfacial barrier width and promotes charge tunneling
through the barrier. The strategy of interfacial doping is widely used in inorganic
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semiconductor22 but has not yet been employed in organic electronics. Polymer dopants are an
ideal choice over small molecule dopants for doping the electrode-organic semiconductor
interface since the large size of the polymeric dopants will prevent them from diffusing into
photoactive regions of OPVs where doping is not desired. Another advantage of polymer dopants
over small molecule dopants is that polymers have the potential to affect a larger volume of the
photoactive layer for equal surface coverage, assuming the polymer chains extend into the active
region.
Figure 2.11 illustrates what doping does to the energy barrier at the metal-semiconductor
interface. Take the metal and p-type organic semiconductor contact for example. Before initial
contact, Figure 2.11a, the metal work function (φm) is lower than the work function of
semiconductor (φs) thus, the Fermi level in the semiconductor is below that in the metal. After
the two materials make contact and reach equilibrium, the Fermi levels are equalized and the
depletion region with width W is formed. The parameter φb is the potential barrier seen by holes
in the HOMO trying to move into the metal. Since the width of the depletion region is inversely
proportional to the square root of the doping concentration, an increase in the doping
concentration specifically near the contact area would narrow the barrier width at the interface
and enable charges tunneling through the barrier (as shown in Figure 2.11c).
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Figure 2.11. Energy levels between p-type semiconductor and metal at the anode contact. a)
HOMO, LUMO, and Fermi levels prior to contact. The metal work function (φm) is lower than
the work function of semiconductor (φs) thus, the Fermi level in the semiconductor is below that
in the metal. b) Energy levels at equilibrium after contact. the Fermi levels are equalized and the
depletion region with width W is formed. The parameter φb is the potential barrier seen by holes
in the HOMO trying to move into the metal. c) Energy levels at equilibrium with doping.
Narrower barrier width allows charges tunneling through.

Our strategy is to replace a ~80nm thick PEDOT:PSS layer with thin monolayer of polymeric
dopants capable of donating free charge carriers and promoting ohmic contact between ITO and
organic semiconductor. By using such a thin monolayer of dopant in place of the strongly
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hygroscopic PEDOT:PSS, we can decrease the water sensitivity of the doped contact and
promote device lifetime stability. The use of polymeric dopants will enable the tuning of specific
doping functionality, the dopants extension from the interface, and the concentration at the
contact to optimize doping characteristics. A species capable of oxidizing a conjugated polymer
can lead to the formation of positive charge carriers while reducing species can lead to formation
of negative charge carriers. As the result, polymer acid can act as p-type dopant while
organometallic materials can act as n-type dopant.

Since dopants inject free carriers into the organic semiconductor, we hypothesize that a small
amount of dopant is sufficient to effectively dope the metal-organic semiconductor interface. For
the case of using polymer acid to dope the ITO and organic p-type semiconductor interface, we
also hypothesize that the effectiveness of doping depends on the strength of the acid since
stronger acid groups are capable of donating more free hole carriers than weaker ones.
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2.5 Dissertation Overview
In this thesis, we demonstrate novel strategies to improve the performance of organic solar
cells via contact doping with polymeric dopants and controlling the morphology of active layer
by employing fully conjugated block copolymer composed of donor and acceptor blocks. New
technique to characterize the molecular orientation within lamellar domains formed by block
copolymer is also presented.
Chapter 3 demonstrates the capability of employing polymeric dopant as the anode interfacial
layer in organic solar cells. Polymeric dopants has the potential to replace the strongly
hygroscopic PEDOT:PSS. We found that both the miscibility between polymeric dopant and the
active layer and the acid strength of the polyelectrolytes dopant govern the efficacy of contact
doping in organic photovoltaic devices. The overall doping efectiveness is therefore influenced
by the interplay between the strength of pendant acid groups and phase separation between
polymeric dopants and conjugated polymers.
In Chapter 4, we employed in-situ wide and small angle grazing incidence X-ray scattering to
monitor the morphology development in semiflexible block copolymer poly(3-hexylthiophene)block-poly-((9,9-dioctylﬂuorene)-2,7-diyl-alt-[4,7-bis(thiophen-5-yl)-2,1,3-benzothiadiazole]2′,2″-diyl) (P3HT-b-PFTBT) for organic solar cell application. We identify the crucial
parameters that are the driving force for the formation of the lamellar structure. We also discover
that competitive crystallization between P3HT and PFTBT blocks plays an important role in
PFTBT block order formation at high temperatures that is beneficial to device performance.
Chapter 5 discusses the use of polarized resonant soft X-ray scattering (PSOXS) to
characterize the molecular alignment within the lamellar domains in self-assembled P3HT-b-
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PFTBT. Using two different batches of block copolymer with different degree of P3HT
crystallization, we found that in block copolymer where P3HT strongly crystallize, it’s harder to
achieve lamellae at low processing temperature. However, the lamellar domains that formed at
high temperature are highly-ordered with P3HT crystallites embedded inside. Here, P3HT chains
aligned parallel with respect to lamellae domain interface. PSOXS also reveals the molecular
orientation of P3HT crystallites within the P3HT lamellar domain. In block copolymer where
P3HT crystallization is suppressed, weak P3HT crystallization allows for easier lamellae
formation at low annealing temperature but at the cost of well-ordered phase separated domains.
Finally, main conclusions from this work are summarized in Chapter 6, followed by
suggested future direction to further advance the performance of organic solar cells. Strategies in
controlling P3HT crystallization in block copolymer for better morphology are discussed. In
addition, novel methods to promote long-range order in self-assembled block copolymer thin
films are reviewed. Development of multicomponent block copolymer photovoltaics may
provide pathways to new morphologies not accessible with diblock copolymers. At last, we
briefly discuss methods to characterize and control the morphology of the photoactive layer near
the electrode-semiconductor interface to maximize the performance of interfacially doped
organic photovoltaics.
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Chapter 3: Miscibility and acid strength govern contact
doping of organic photovoltaics with strong polyelectrolytes
Interfacial barriers at electrode-semiconductor contacts can greatly limit charge collection
efficiency and hamper device performance. Doping of the semiconductor near the interface can
mitigate charge extraction or injection problems by allowing charge tunneling through barriers
with reduced width. Here we demonstrate that polymer acids can act as p-type dopants near
electrode interfaces for active layers containing poly(3-hexylthiophene-2,5-diyl) (P3HT). By
varying the pendant acidic groups between aromatic sulfonic acid, trifluoromethane sulfonimide,
and perfluorosulfonic acid, we find the effectiveness of doping the conjugated polymer at the
interface depends on the strength of the pendant acid group with stronger acid moieties being
capable of creating more carriers in the doped system. Deposition of acidic polymeric dopants at
the anode allows high carrier densities, of order 1020 cm-3, to be obtained in polymer
semiconductors near the electrode interface. The charge carrier density also depends on the
miscibility between polymeric dopants and conjugated polymers. The overall doping efficacy
near electrodes therefore depends on the interplay between the strength of pendant acid groups
and miscibility between polymeric dopants and conjugated polymers.
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3.1 Introduction
One of the challenges with the development of high performance organic photovoltaic
devices is extracting charges from the active layer.1,2 Interfacial barriers at the electrodesemiconductor contacts due to mismatch between electrode work function and the Fermi level of
the semiconductor, interfacial chemistry and structure, and energetic disorder in the
semiconductor near the electrode surface3–6 greatly limit the charge collection efficiency. An
interface barrier of roughly a few tens of mV can lead to significant charge accumulation at
electrode-semiconductor interfaces and can result in significant recombination losses and suboptimal photovoltaic performance.1
To minimize contact resistance, it is necessary to establish ohmic or nearly ohmic contacts to
promote efficient charge collection.1,7 Such requirements have led to many efforts in interfacial
engineering, such as tuning the electrode work function to match the semiconductor transport
level,2,8–10 the incorporation of interfacial layers such as poly(3,4-ethylenedioxythiophene)
poly(styrene sulfonate) (PEDOT:PSS)11–16 or metal oxide electrode materials (i.e., MoO3, V2O5,
and WO3),17–21 and doping at the semiconductor-electrode interface to promote tunneling through
contact barriers with reduced widths.5,22–24
One approach to achieve contact doping utilizes polyelectrolytes as dopants near the
electrode interface. Polymeric dopants have advantages over small molecules because the low
density and high free volume of organic materials allows small molecules to diffuse and migrate
through the active layer and compromise the stability of devices. Furthermore, for equal surface
coverage density, polymeric dopants have the potential to extend a few nanometers into the
active layer and affect a larger volume near the interface compared to small molecule dopants
that are localized to the electrode surface.
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Doping of conjugated polymers can be achieved through redox chemistry, where the
electrochemical potential of the dopant molecule can lead to oxidation or reduction of the
semiconductor. For example, Liao et al. have demonstrated that polyaniline can be doped
electrochemically and the cation stabilized with polystyrene sulfonate.25 Charged species, such
as polyelectrolytes, can also dope conjugated polymers through electrostatics. Thus, interfacial
layers composed of polyelectrolytes can improve device performance compared to bare
electrodes. The incorporation of conjugated polyelectrolytes at the cathode interface enhances
the open-circuit voltage as well as the overall solar cell efficiency.26,27 In general, n-type doping
of the electron acceptor at the cathode interface enhances the efficacy of electron extraction in
organic cells.28–32 Moule and co-workers have shown that a small amount of sulfonated
polythiophene can dope conjugated polymers and increase the work function of the hole
transport layer in order to reduce contact resistance at anodic contacts.33,34 Furthermore, devices
with ultra-thin layers of sulfonated poly(phenylene sulfone) at the anode interface can perform
nearly as well as devices incorporating a PEDOT:PSS layer.35 Nevertheless, little is known
regarding how the chemical structure of polyelectrolytes influences their behavior as polymeric
dopants at the anode interface.
Here we demonstrate that both the miscibility between the polymeric dopant and the active
layer and the acid strength of the polyelectrolyte dopant govern the efficacy of contact doping in
organic photovoltaic devices. We have varied the polymer backbone and pendant acidic group
to create a series of sulfonated polyelectrolytes. Utilizing mixtures of poly(3-hexylthiophene2,5-diyl) (P3HT) and [6,6]-phenyl-C71-butyric acid methyl ester (PCBM) as a model active layer,
we show that stronger acid moieties are capable of donating more free carriers to the doped
system. But, the miscibility between the polymeric dopant and the active layer also plays a role,
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where mixing leads to a larger degree of contact between the active layer and polymeric dopant.
In some cases, weaker polymer acids are more effective at doping contacts if mixing with the
active layer is more prevalent. The overall doping efficacy is therefore influenced by the
interplay between the strength of pendant acid groups and phase separation between polymeric
dopants and conjugated polymers.
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3.2 Results and Discussion
We examined the effect of various polymeric dopants with different backbones,
poly(sulfone) and poly(phenylene oxide), and various pendant acid groups, sulfonic acid,
triflluoromethane sulfonimide, and perfluorosulfonic acid (Figure 3.1a), on the performance of
organic solar cells. There are four major polyelectrolyte families: sulfonated poly(sulfone) (SPS),
perfluorosulfonate poly(sulfone) (PSU), perfluorosulfonate poly(phenylene oxide) (PPO SA),
and sulfonimide modified poly(phenylene oxide) (PPO SI). The same backbones are shared
between PPO SA and PPO SI; SPS and PSU materials share a similar backbone with only a
slight chemical modification.
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Figure 3.1. (a) Chemical structure of perfluorosulfonate poly(phenylsulfone) (PSU) (1),
sulfonated poly(phenylsulfone) (SPS) (2), sulfonimide modified poly(phenylene oxide) (PPO SI)
(3), and perfluorosulfonate poly(phenylene oxide) (PPO SA) (4). (b) Current density vs. bias
voltage characteristics of P3HT/PCBM based organic solar cells under light condition with
different anode interfacial layers: PEDOT:PSS, PSU(1.3), SPS(2.2), PPO SI(2.0), and PPO
SA(0.69). (c) Dark current density of organic solar cells with different interfacial layers:
PEDOT:PSS, PSU(1.3), SPS(2.2), PPO SI(2.0), and PPO SA(0.69). Devices with SPS(2.2)
exhibited low current at reverse bias; devices with PEDOT:PSS showed higher reverse bias
currents than devices fabricated with polymeric dopants at the anode.

The strength of different pendant acid groups, measured in pKa, is summarized in Table A1
of the Appendix. Perfluorosulfonic acid is the strongest with a pKa of -14 while sulfonic acid is
the weakest acid with a pKa of -6.5.

The acidity of our polymers should lead to strong

interactions with the ITO electrodes. As we describe below, we deposit ultrathin layers of our
polyelectrolytes and thereby limit the possibility for etching of ITO. Polyelectrolytes were
synthesized with varying amounts of acid groups. We quantify this parameter in terms of the
number of acid groups per mass of polymer, or ion exchange capacity (IEC) with units of
milliequivalents of acid per gram of polymer (meq/g). Here we label each polyelectrolyte with
the corresponding IEC; for example, SPS(2.2) is sulfonated poly(phenylsulfone) with an IEC of
2.2 meq/g, which corresponds to an average of 1.07 sulfonate moieties per repeat unit. Table A2
of the Appendix tabulates the number of acid groups, in terms of degree of functionalization per
polymer repeating unit, and IEC for each polyelectrolyte used in this study.
Polyelectrolytes were spun-cast from 4:1 by volume chloroform:methanol solutions onto
indium tin oxide patterned electrodes. We utilize a solid concentration of 0.1 mg/mL, which was
previously optimized for implementation of contact doping in photovoltaic devices35 and was
confirmed to also be optimum for the different polyelectrolytes here. Nevertheless, the resulting

53

effective thickness of the polyelectrolyte layers varies, from 0.5 nm to 2.2 nm, as determined by
spectroscopic ellipsometry (thicknesses shown in Figure A1 in Appendix). At these thicknesses
the polyelectrolyte layer is not likely to be continuous over the rough indium tin oxide surface.
The polyelectrolyte layers are significantly thinner than the conventional 40-80 nm thick
PEDOT:PSS layers utilized in organic photovoltaics.

As a consequence, we expect that

photovoltaic devices fabricated with thin polyelectrolyte layers will be less susceptible to
degradation from atmospheric water absorption when compared to thick, hygroscopic
PEDOT:PSS layers. Thin polyelectrolyte layers also absorb less light than thick PEDOT:PSS
films, as shown in the UV-visible spectra of Figure A2 (Appendix).

Furthermore, the

depositions of our polyelectrolytes on ITO have a minimal effect on the work function (Figure
A3 of the Appendix).
The active layer, P3HT/PCBM, was cast from 1,2-dichlorobenzene. We hypothesize that the
polyelectrolytes are localized to the ITO interface, because they are insoluble in 1,2dichlorobenzene. Polymers diffuse slowly, and we expect diffusion of the polyelectrolytes to be
nearly negligible through semicrystalline materials with small amorphous domains. Active
layers were solvent annealed for 30 minutes in glass petri dishes and then thermally annealed at
110 °C for 10 minutes prior to cathode deposition. Aluminum cathodes (ca. 75 nm) were
thermally evaporated through a shadow mask to complete devices.
Figure 3.1b shows the current-voltage characteristics of solar cells with different anodic
interfacial layers under AM 1.5G illumination (100 mW/cm2), where the active layer is
composed of 1:1 weight ratio of P3HT/PCBM. Representative data is shown for devices where
the IEC of the polyelectrolyte has been optimized. Devices utilizing SPS(2.2) and PSU(1.3) at
the anode-semiconductor interface perform similarly to devices comprised of PEDOT:PSS as a
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hole-transport layer. Remarkably, devices incorporating PPO SA(0.69) exhibit a 40% increase in
the short circuit currents (Jsc) with respect to devices utilizing PEDOT:PSS. The overall device
performance, however, suffers from relatively low fill factors.

Figure 3.1c shows J-V

characteristics of these solar cells in the dark. In all devices incorporating polyelectrolytes, the JV characteristics exhibit low reverse bias currents, as low as 10 -6 A/cm2. In contrast, solar cells
which incorporate PEDOT:PSS have reverse bias currents of up to 10-4 A/cm2. The dark curves
suggest higher effective shunt resistances in devices incorporating polyelectrolyte interfacial
layers.
The greater short-circuit currents of devices comprised of polyelectrolytes with respect to
PEDOT:PSS devices is expected, because the polyelectrolyte layers absorb less light. We can
confirm that the light absorption in the active layer is greater through a combination of optical
measurements and calculations. The fraction of incident light absorbed by different layers for
devices was calculated using a transfer matrix method37,38 and is illustrated in Figure 3.2a for
devices with PPO SA(0.69) and Figure 3.2b for devices with PEDOT:PSS as the anodesemiconductor interlayer. The light absorbed by ITO is negligible, PEDOT:PSS absorbs roughly
10% of incident light, and PPO SA(0.69) absorbs less than 1% of incoming light. As a result, in
devices with PPO SA(0.69) as an interfacial layer, the active layer can absorb up to 88% of the
incidence light, more that devices utilizing PEDOT:PSS (~ 70%).

55

1
ITO
PPO SA(0.69)
Active layer

(a)
0.8
0.6
0.4
0.2
0

400

500

600

700

Fraction absorbed

Fraction absorbed

1

0.8
0.6
0.4
0.2
0

800

ITO
PEDOT:PSS
Active layer

(b)

400

500

600

700

800

Wavelength (nm)

Wavelength (nm)
100
100

80

IQE (%)

EQE (%)

80

60
40
20

(c)

0
350

PEDOT:PSS
PPO SA(0.69)
400

450

500

550

Wavelength (nm)

600

650

60
40
20

(d)

0
350

PEDOT:PSS
PPO SA(0.69)
400

450

500

550

600

650

Wavelength (nm)

Figure 3.2. Fraction of light absorbed for different layers in photovoltaic devices with (a) PPO
SA and (b) PEDOT:PSS interlayers as calculated from optical modeling. (c) Measured external
quantum efficiency and (d) calculated internal quantum efficiency for photovoltaic devices with
PEDOT:PSS and PPO SA as anodic interlayers.

External quantum efficiency (EQE) measurements corroborate our optical calculations
(Figure 3.2c). Higher external quantum efficiencies are observed in devices comprising PPO
SA(0.69). We can confirm that our EQE measurements are consistent with our measured Jsc
under white light by integrating EQEs over the solar spectrum. EQEs for devices incorporating
PPO SA (0.69) predict a short circuit current of 12 mA/cm2, and for PEDOT:PSS devices 9.2
mA/cm2, in excellent agreement with our device characterization under AMG1.5 illumination
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(12 and 8.5 mA/cm2, respectively). Thus, the EQE of PPO SA(0.69) and PEDOT:PSS devices
suggests that the enhancement in the short-circuit current is at least partially due to the minimal
parasitic absorption of the polyelectrolyte layer when compared to the absorption of PEDOT:PSS
films.
Having calculated the absorption of the active layer, we can utilize our EQEs to calculate the
internal quantum efficiency (IQE) of devices. Figure 3.2d shows the IQE for devices with PPO
SA(0.69) and PEDOT:PSS as interlayers. Near the peak absorption of P3HT between 500 and
550 nm, the IQEs are similar for devices incorporating SA(0.69) or PEDOT:PSS. At low
wavelengths, where the absorption of PCBM is most important, IQEs of PPO SA(0.69) devices
are slightly higher.
Although the origin for the higher IQEs in devices incorporating PPO SA(0.69) when
compared to devices with PEDOT:PSS is currently unclear, we briefly speculate on potential
explanations. IQEs can be factored into three components: charge transfer state yield, charge
transfer state dissociation fraction, and charge collection efficiency.39 GIWAXS and GISAXS
data suggest that the in-plane active layer morphology does not change significantly when
deposited on PEDOT:PSS or polyelectrolytes (see section 6 in Supporting Information). In
addition, the spatial distribution of the squared optical electric-field strength within the active
layer is qualitatively unaffected by the removal of PEDOT:PSS (Figure A6 of the Appendix).
We thus assume that the polaron yield within the active layer is unaffected by the interlayers at
the anode. Furthermore, we expect that collection of holes from P3HT to be similar regardless of
whether excited states are generated within PCBM or P3HT. The enhancements in IQE with the
implementation of PPO SA(0.69) is highest when PCBM absorption is significant. Less efficient
exciton harvesting from PCBM than from P3HT, as evidenced by lower IQEs at short
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wavelengths, has been observed in P3HT/PCBM devices made with PEDOT:PSS hole transfer
layers,39 even though ambipolar transport is possible through PCBM40–43. We hypothesize that
by incorporating PPO SA(0.69) at the anode interface we can extract holes from PCBM, thereby
enhancing exciton harvesting from PCBM domains.
Figure 3.3 summarizes performance in terms of photoconversion efficiency (PCE), short
circuit current (Jsc), open circuit voltage (Voc), and fill factor as function of IEC for different
polyelectrolytes. Performance of devices utilizing PEDOT:PSS is represented as solid and dotted
horizontal lines for averages and standard deviations, respectively. For SPS based
polyelectrolytes, the efficiency of devices is maximized with a 2.2 IEC for the polyelectrolyte
and devices perform similarly to PEDOT:PSS devices. Higher or lower IECs of the SPS
interlayer lead to decreases in the device efficiency. Similar behavior is observed for the fill
factor as function of IEC for devices with SPS polyelectrolytes. In contrast, the open-circuit
voltage is optimized with an SPS(1.3) interlayer and the short-circuit current monotonically
increases when the IEC of the interlayer is higher; devices with SPS(3.1) exhibit a higher shortcircuit current than PEDOT:PSS devices.
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Figure 3.3. Photovoltaic device performance as a function of IEC for different dopant families.
(a) Power conversion efficiency (PCE), (b) short-circuit current (JSC), (c) open-circuit voltage
(VOC), and (d) fill factor. Performance of devices utilizing PEDOT:PSS is represented as solid
and dotted horizontal lines for the average and standard deviation, respectively. Error bars
represent the standard deviation of data from multiple devices.

The efficacy of the polyelectrolytes as anodic interlayers in devices varies depending on the
polyelectrolyte family.

PPO SI behaves similarly as SPS interlayers, where the device

performance increases with increasing IEC of the PPO SI layer. The maximum performance of
devices incorporating PSU, however, is achieved at the lowest IEC available, 1.3. All device
metrics, except for the short-circuit current, decrease as the IEC of PSU increases. Devices
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incorporating the PPO SA family outperform PEDOT:PSS devices in terms of the short-circuit
current when the IEC is 0.69, but PPO SA devices suffer from low fill factors.
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Figure 3.4. (a) Normalized polaron absorption spectra from photothermal deflection
spectroscopy for neat P3HT and P3HT doped with SPS(2.2) and PSU(1.3) in two different
architectures: bilayer and mixed. In bilayer devices, polymeric dopants were first deposited onto
substrates prior to P3HT deposition on top. In mixed devices, P3HT was mixed with polymeric
dopants in solution and then the mixture was cast. (b) Absorption coefficient as function of
energy and wavelength of P3HT films doped with different polymeric dopants in bilayer
architectures that mimic contact-doping in solar cell devices.

We can determine the degree of doping by measuring the polaron absorption of doped P3HT
films. Doped P3HT has been shown to produce an absorption feature near 1000 nm due to the
formation of polarons.44–46 Polaron absorption features typically have low absorption
coefficients47 and their observation requires employing sensitive techniques such as
photothermal deflection spectroscopy (PDS). PDS has been previously employed to measure
absorption features in the sub-bandgap regions of both polymer-polymer48 and polymer-fullerene
blend films.49,50 With PDS, the weak polaron absorption band can be measured. Figure 3.4a
shows absorption spectra from PDS for P3HT doped with PSU(1.3) and SPS(2.2). Samples were
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either mixed prior to spin-coating, or were cast as two sequential layers (bilayers with P3HT on
top) to mimic solar cell fabrication. All samples show a strong absorption feature at 1.33 eV,
which is attributed to polaron absorption. Small features at 0.6 eV and 0.9 eV are due to substrate
absorption and artifacts of changing gratings within the PDS instrument.
We expect the effectiveness of the anodic interlayers to depend on strength of the pendant
acid group when comparing similar backbones, such as in SPS and PSU. Stronger acids with a
more active proton should interact more strongly with the lone pairs on sulfur of the moiety,
thereby leading to more doping. For example, at the same 1.3 IEC, devices incorporating the
strong pendant perfluorosulfonic acid group at the anode outperform devices which utilize
sulfonic acid groups (Figure 3.3a). Furthermore, PSU(1.3)/P3HT bilayer films exhibit superior
polaron absorption compared to SPS(2.2)/P3HT, suggesting that the stronger pendant acid group
is doping P3HT more effectively than the weaker acid group, even at a lower IEC. Nevertheless,
dopants with a poly(phenylene oxide) backbone exhibit lower fill factor than those with
poly(sulfone).

Clearly, the acid strength is not the only factor governing the efficacy of

polyelectrolyte interlayers.

Poly(phenylene oxide) is an electron-rich backbone compared to

poly(sulfone)s where the sulfone is strongly electron withdrawing. Therefore, the backbone
chemistry may also play a role in determining doping behavior of the polymeric materials.
We find little difference in the polaron absorption between mixed and bilayer films utilizing
PSU(1.3). But, mixtures of P3HT and SPS(2.2) show a much higher polaron absorption than
bilayer films. We hypothesize that the strongly fluorinated pendant acid group of PSU promotes
phase separation between the polyelectrolyte and P3HT, and can thereby hamper the overall
doping efficacy. Fluorinated groups have been shown to promote strong phase separation in
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polymeric systems.51–54 We further expect that the addition of ionic species will promote
immiscibility, such that higher IEC materials promote phase separation.
We utilized fluorescence microscopy to observe macrophase segregation in films comprised
of polyelectrolytes and P3HT. Figure 3.5 shows fluorescence microscopy images of films
composed of P3HT mixed with SPS of various IEC (1.3, 2.2, and 3.1) and PSU(1.3). All films
were prepared using the same polyelectrolyte to P3HT ratio of 0.1 gram polyelectrolytes per 10
grams P3HT. Because doping will cause quenching of P3HT photoluminescence,55,56 we
attribute bright regions to undoped P3HT and darker regions to either doped P3HT or the
polyelectrolyte.

Figure 3.5. Fluorescence microscopy of P3HT mixed with (a) SPS(1.3), SPS(2.2), SPS(3.1), and
(b) PSU(1.3). The polyelectrolytes do not fluorescence. Dark red regions indicate doped P3HT
while light regions denote undoped P3HT. The fluorescence of P3HT mixed with SPS(1.3) and
SPS(3.1) is not fully quenched, while the fluorescence of P3HT mixed with SPS(2.2) is
quenched, suggesting strong doping. PSU(1.3) mixed with P3HT exhibits large scale phase
separation between doped and undoped regions. Scale bars are 100 μm.
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As shown in Figure 3.5, films composed of P3HT mixed with SPS(2.2) exhibit no
fluorescence, likely a result of P3HT doping by SPS(2.2). The fluorescence intensity is higher in
P3HT films mixed with SPS(1.3) and SPS(3.1), which is consistent with lower polaron
absorption and less doping with respect to P3HT/SPS(2.2) bilayers (Figure 3.4b). In Figure A7
of the Appendix, intensity histograms quantitatively support the changes in fluorescence
intensity observed in the images shown in Figure 3.5. At lower IECs, it is likely that not enough
acid groups are present to dope P3HT, while at an IEC of 3.1 the film appears more
heterogeneous due to phase separation. In films of P3HT mixed with PSU(1.3), significant
phase segregation occurs. We speculate that the more ionic polymers are less miscible with
P3HT, because ion-containing polymers have been shown to be strongly immiscible with nonionic polymers, even when the backbone structures are otherwise similar.57
Table 3.1. Carrier densities and charges per thiophene ring in P3HT films
doped at the substrate interface with various polymer acids
Carrier density
Charges per thiophene
Dopant
(charges/cm3)
ring
19
SPS (1.3)
4.2 x 10
0.011
20
SPS (2.2)
2.4 x 10
0.060
19
SPS (3.1)
8.7 x 10
0.020
20
PSU (1.3)
6.9 x 10
0.17
20
PPO SA (0.69)
2.7 x 10
0.068
20
PPO SI (2.0)
2.0 x 10
0.051

Thus, the interplay between acid strength and miscibility between polyelectrolytes and P3HT
appears to govern the doping efficacy. Assuming that mixtures of P3HT and SPS(2.2) are well
mixed, we can compare the polaron absorption in mixed films to bilayer films. Because the
polaron absorption in mixed films of 100 nm thickness is 20 times higher than in the bilayer
films, we take the interaction volume to be approximately 5 nm for the bilayer films. Assuming
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this same interaction volume for all bilayer films, we quantitatively extract the charge density by
utilizing the previously determined polaron absorption cross section47 and the measured
absorption coefficients. The estimate for the charge density is therefore a lower limit, as
polyelectrolytes other than SPS(2.2) may be less miscible with P3HT and therefore have a
smaller interaction volume in bilayer architectures. Figure 3.4b shows the absorption coefficient
of bilayers of various polyelectrolytes and P3HT. Table 3.1 shows the calculated carrier density
and number of charges per thiophene for P3HT. Roughly, the carrier density depends on the
number of acid groups (IEC) per monomer and strength of the acid groups.
In SPS based dopants, carrier density increases by nearly one order of magnitude when the
IEC increases from 1.3 to 2.2 (Table 3.1). Increasing the IEC beyond 2.2 and the number of
sulfonic acid groups beyond 1 per repeat unit results in a drop in carrier density in P3HT. As the
IEC increases from 2.2 to 3.1, the carrier density decreases from 2.4 x 1020 cm-3 to 8.7 x 1019 cm3

. This drop in doping is reflected in photovoltaic device characteristics, where devices

incorporating SPS(2.2) outperform devices with SPS(1.3) or SPS(3.1). In the case of SPS and
PSU at the same IEC of 1.3, the stronger pendant perfluorosulfonic acid in PSU results in one
order of magnitude more carriers. Nevertheless, the carrier densities in these doped systems are
at the scale where charge tunneling through barriers at contacts is observed in devices based on
inorganic semiconductors.58,59
We compare the performance of our devices with the carrier density extracted from PDS
measurements in Figure 3.6. Unlike Figure 3.3, which found no trend between the efficiency
and IEC, the efficiency is now a monotonic function of the carrier density. The efficiency
increases from 1.9% at 0.01 carriers per thiophene ring, or 4.2 x 1019 carriers per cm3, to 2.7% at
0.06 carriers per thiophene ring and 2.8% at 0.17 holes per thiophene. Thus, the performance of
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devices incorporating polyelectrolytes at semiconductor-electrode interfaces approaches the
performance of PEDOT:PSS devices as the carrier density at the anode contact increases.
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Figure 3.6. Photovoltaic device performance as a function of doping carrier density and number
of charges per thiophene ring for different types of polymer dopants. (a) Power conversion
efficiency (PCE), (b) short-circuit current (JSC), (c) open-circuit voltage (VOC), and (d) fill factor.
Solid and dotted horizontal lines represent average and standard deviation, respectively, of
PEDOT:PSS device data. Error bars represent standard deviation of data from multiple devices.
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A similar trend is observed for the fill factor as a function of carrier density, as shown in
Figure 3.6d. Fill factors gradually approach 0.6 with increasing carriers per thiophene for
polyelectrolytes with poly(phenylsulfone) backbones. Devices incorporating poly(phenylene
oxide) polyelectrolytes, however, exhibit lower fill factors. We speculate that this is due to the
difference in the backbone of the dopant polymers. Poly(phenylene oxide) may contribute to
charge recombination, either from the polymer itself or through impurities.

In addition,

poly(phenylsulfone) may be more miscible with P3HT than poly(phenylene oxide), which may
aid in charge extraction by extending the interaction volume between polymer dopants and
polymer donors. Strong mixing between the polyelectrolytes and the active layer may reduce the
series resistance in devices by preventing the formation of a polyelectrolyte dielectric layer at the
anode and promoting percolating of conductive pathways.
Altogether, Figures 3.3, 3.4, 3.5 and 3.6 demonstrate the complex relationship between acid
strength and miscibility.

The high number of acid groups required (high IEC) with

poly(phenylsulfone) backbones eventually leads to phase separation and limits the efficacy of
doping. We cannot achieve doping densities beyond 0.1 holes per thiophene ring with SPS.
Higher doping densities are possible, using strong perfluorosulfonic acid groups. Nevertheless,
phase segregation between dopants and P3HT becomes a limiting factor for doping efficacy.
Future efforts focused on covalently linking the polyelectrolyte to electrodes could further
explore the role of miscibility on contact doping by limiting the extent of mixing between the
polyelectrolyte and polymer donor or by limiting inadvertent diffusion of the polymer dopant
into the active layer.
Short-circuit currents and open circuit voltages show little dependence on carrier density as
shown in Figure 3.6b and 3.6c. Short-circuit currents fluctuate between 10 and 8.5 mA/cm2 for
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devices incorporating polyelectrolytes based on poly(phenylsulfone).

Devices with

polyelectrolytes based on poly(phenylene oxide) show a modest improvement in the short-circuit
current as the charge carrier density increases. Open circuit voltages of devices with different
polymer interfacial layers are in the 0.50 to 0.55 V range, independent of carrier density.
Having demonstrated that polyelectrolytes can effectively dope anode contacts in organic
solar cells, one plausible implication is that PEDOT:PSS, which is rich in poly(styrene sulfonate)
(PSS) at the surface,60,61 may dope polymer donors in organic photovoltaics and therefore
promote charge extraction.33,34,62 We explore this hypothesis using thin layers of PSS on ITO in
P3HT/PCBM solar cell devices. As shown in Figure A8 of the Appendix, devices with PSS at
the anode contact perform poorly. The open-circuit voltage, fill factor, and overall efficiency are
lower than for devices with untreated ITO as the anode. Thus, PSS is not an effective material
for contact doping. The reasons for the poor performance of devices incorporating PSS are
currently unclear, but we speculate that mixing between highly-charged PSS and P3HT is poor,
despite recent evidence that some mixing between PSS and P3HT can occur.62
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3.3 Conclusions
Interfacial doping of conjugated polymers with polymeric acids was investigated across
different backbones, poly(sulfone) and poly(phenylene oxide), and pendant acid groups: sulfonic
acid,

trifluoromethane

sulfonamide,

and

perfluorosulfonic

acid.

Utilizing

various

polyelectrolytes reveals a complex dependence of doping effectiveness on pendant acid strength
and phase separation between polymer dopants and conjugated polymers. We found that charge
carrier densities depend on the strength of the pendant acid group with stronger acid moieties
being capable of creating more free carriers in P3HT. Nevertheless, strongly fluorinated acid
groups also cause phase separation between dopants and conjugated polymers, thus hindering the
doping effectiveness. The relationship between pendant acid strength and phase separation
impose a limit on doping efficacy and once the limit is approached, stronger acids in polymer
dopants do not necessary continue to improve photovoltaic device performance.
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3.4 Materials and Methods:
Active layer materials: 96% H-T regioregular poly(3-hexylthiophene-2,5-diyl) P3HT with a
number-average molecular weight of 77.5 kg/mol and polydispersity index of 1.9 was purchased
from Merck, [6,6]-phenyl-C71-butyric acid methyl ester (PCBM) was purchased from Nano-C.
All purchased materials were used as received.
Perfluorosulfonated poly(sulfone) and sulfonated poly(phenylsulfone): The synthesis of
perfluorosulfonated poly(sulfone) polyelectrolytes by iridium catalyzed aromatic C-H
activation/borylation and subsequent Suzuki-Miyaura coupling with sulfonated phenyl bromides
is described in Chang et al.36 A similar procedure used by Mor et al.35 was employed to generate
samples of sulfonated poly(phenylsulfone) for this study.
Perfluorosulfonate

poly(phenylene

oxide):

Potassium

1,1,2,2-tetrafluoro-2-(1,1,2,2-

tetrafluoro-2-iodoethoxy) ethane sulfonate (PFSK) was prepared by adding 35.2 mmol of
1,1,2,2-tetrafluoro-2-(1,1,2,2-tetrafluoro-2-iodoethoxy) ethanesulfonyl fluoride with 5 mL
dichloromethane, 5 mL water, 44.8 mmol 2,6-lutidine, and 0.1 mL of 1M solution of tetra-nbutylammonium fluoride in THF. The mixture was stirred vigorously at room temperature for 4
days. The solution was then extracted with dichloromethane three times. After dichloromethane
removal, the residue was diluted with THF and 20.4 mmol of potassium carbonate was added.
The mixture was then stirred at room temperature for 10 hours. The solution was concentrated to
yield a solid which was then further recrystallized from a mixture of 1:1 THF:toluene.
Brominated poly(2,6-dimethyl phenylene oxide) (PPO) was synthesized by stirring 100 mmol of
PPO with 120 mL CHCl3. The mixture was stirred at room temperature, after which a Br2
solution (5.1 mL in 50 mL CHCl3) was added dropwise into the mixture over a period of 1 hour.
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The reaction was continued at room temperature for 2 hours. Then the product was precipitated
by pouring the reaction mixture dropwise into 1 L of methanol. The precipitate was filtered and
washed with methanol several times, then dried under vacuum at 50 °C for 16 hours.
Perfluorosulfonate poly(phenylene oxide) polyelectrolyte is synthesized by combining 4.4 g of
brominated poly(2,6-dimethyl phenylene oxide) with 15.7 g of copper powder, and 50 mL of
anhydrous NMP. The mixture was then stirred at 120 °C for 4 hours. Then 7.6 g of PFSK in 15
mL of NMP was added dropwise to the mixture and the reaction was continued at 160 °C for 72
hours. The reaction mixture was then cooled to room temperature prior to the removal of copper
power by filtration. The crude product was filtered, re-precipitated from NMP/2 M HCl, then
washed with deionized water and dried under vacuum at 50 °C for 16 hours.
Sulfonimide modified poly(phenylene oxide): Thionyl chloride was added dropwise to a
mixture of sulfonated poly(phenylene oxide) in anhydrous DMF at ambient temperature. The
mixture is then heated to 60 °C and stirred for 24 hours. Poly(phenylene oxide) sulfonyl chloride
was precipitated in ice water. The product was collected by filtration, washed with cooled water
and dried in vacuum. 1 gram of poly(phenylene oxide) sulfonyl chloride was then added with 0.8
g of trifluoromethanesulfonamide in 10 mL DMF. 1.4 mL of triethylamine was then added
dropwise to the reaction mixture at room temperature. The mixture was stirred for 24 hours at
room temperature under inert atmosphere. After the reaction is completed, DMF was evaporated
under vacuum. Poly(phenylene oxide) sulfonimide triethylamine salt was washed with water to
remove unreacted trifluoromethanesulfonamide then dried in vacuum at 50 °C for 24 hours. The
product was then immersed in 1 M NaOH for 24 hours to convert the sulfonimide triethylamine
salt to sodium form. The sodium salt form was then converted into acid form by boiling the
polymer in 1 M H2SO4 for 2 hours to convert the pendant sulfonimide sodium salt into free acid.
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The residual sulfuric acid was removed by immersion of the material in deionized water for 24
hours.
Deposition of polymeric dopant layers or PEDOT:PSS: Patterned indium tin oxide (ITO)
coated glass (20Ω/square, Xin Yan, Hong Kong) was rinsed with deionized water, then sonicated
in acetone and isopropanol. Substrates were subjected to UV-ozone prior to polyelectrolytes or
PEDOT:PSS deposition. Polyelectrolytes of different IEC from various families were dissolved
in a 4:1 by volume chloroform:methanol mixture in a N2-filled glove box. Solutions were stirred
overnight prior to deposition. Polyelectrolyte solutions were spun cast at 4000 rpm for 60
seconds onto cleaned ITO substrates. PEDOT:PSS deposition was carried in ambient condition.
PEDOT:PSS solution, filtered through a 0.45 μm PVDF filter, were spun cast onto ITO at 4000
rpm for 2 minutes. PEDOT:PSS coated ITO then were subjected to thermal annealing at 165 °C
for 10 minutes to remove water.
Deposition of active layer: 1:1 by mass P3HT/PCBM were dissolved in anhydrous odichlorobenzene (Sigma Aldrich) inside an N2-filled glove box at 35 mg/mL. Solutions were
stirred overnight at 45 °C. Solutions were spun cast at 1000 rpm for 60 seconds on top of
polyelectrolytes or PEDOT:PSS-coated ITO substrates. The slightly wet films after spin coating
were placed in a covered glass petri dish to allow for self-drying of the polymer. Samples were
then annealed at 110 °C for 10 minutes prior to cathode deposition.
Deposition of Al cathode: 75 nm of aluminum layers were thermally evaporated onto the
active layer to complete devices.
J-V characteristic measurements: Complete solar cells were tested in an N2-filled glove box
under AM 1.5 G 100 mW/cm2 illumination and in the dark. The lamp intensity was verified with
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a thermopile power meter and a NREL certified Si reference cell (Newport). Current-voltage
characteristics were measured and recorded using a Keithley 2636A source meter through a
Labview interface.
Optical modeling: Photon absorption of different layers in the organic solar cell was
simulated at each wavelength using the transfer matrix method implemented by Pettersson et
al.37 and then integrated over the entire AM 1.5G solar spectrum. The complex refractive indices
n and k of glass, ITO, PEDOT:PSS, polyelectrolyte layers, P3HT/PCBM active layer, and
aluminum were determined from variable angle spectroscopic ellipsometry. The total number of
photons absorbed by the active layer was used in the calculation of internal quantum efficiency
using a transfer matrix optical modeling program developed by the McGehee group from
Stanford University.38
External quantum efficiency measurement: External quantum efficiency was measured using
a 300 W Xenon light source (Newport), monochromator (Newport Cornerstone 260), and optical
power meter (Newport). Measurements of device current as a function of incident photon
wavelength were carried out in air-tight sample holders under a N2 atmosphere.
Photothermal deflection spectroscopy: Samples for photothermal deflection spectroscopy
(PDS) measurements were spin coated on quartz substrates. The PDS set up employed chopped
(3.333 Hz) monochromatic light from a 100 W halogen lamp. Samples were immersed in a
liquid deflection medium, perfluorohexane (C6F14, 3M Fluorinert FC-72). A HeNe (633 nm)
laser beam passed through the deflection medium perpendicular to the pump light and near the
surface of the sample film. The deflection of the laser beam was recorded by a position-sensitive
Si detector. Connected to the detector was a Stanford Research System SR380 lock-in amplifier.
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Fluorescence microscopy: Samples of P3HT mixed with different polyelectrolytes (10:0.1
P3HT to polyelectrolyte ratio) were spin-coated on ITO substrates using the same conditions as
for photovoltaic device fabrication. Fluorescence images were taken using a Nikon Eclipse Ti-E
fluorescence microscope equipped with a Chroma 41004 filter cube (Excitation: HQ560/55×;
Emission: HQ645/75m), a 20× air objective, and a Photometrics CoolSNAP HQ2 CCD camera.
The excitation wavelength range was 532.5-587.5 nm and the emission wavelength range was
607.5-682.5 nm.
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Chapter 4: Control of order formation in semiflexible fully
conjugated block-copolymer for organic photovoltaics
Microphase-separated block copolymers composed of electron donor and acceptor blocks
may provide morphology control to address many of the challenges in organic photovoltaics.
Fully conjugated block copolymers, with careful design of the donor and acceptor blocks, can
self-assemble into periodic nanostructures beneficial for charge photogeneration. Previously, we
have demonstrated that poly(3-hexylthiophene)−block−poly- ((9,9-dioctylfluorene)-2,7-diyl-alt[4,7-bis(thiophen-5-yl)-2,1,3-benzothiadiazole]-2′,2″-diyl) (P3HT-b-PFTBT) can self-assemble
into 10 nm lamellae with alternating electron donor and acceptor domains. The resulting solar
cell performance is approximately 3% which clearly outperforms blends of the same component
obtained due to the self-assembly of the block copolymers. Nevertheless, one of the challenges in
controlling the self-assembly of fully conjugated block copolymers is controlling the interplay
between crystallization of the P3HT block and microphase separation between the donor and
acceptor. To this end, we have examined the kinetics of the morphological evolution during two
processes: solution casting and thermal annealing. By using in-situ wide angle and small angle
grazing incidence X-ray scattering to monitor crystallization of the P3HT blocks and microphase
separation between the two blocks, we identify the crucial parameters that are the driving force
for the formation of the lamellar structure. We find that during film drying, P3HT crystallization
happens on a much faster time scale than phase separation of the two blocks but the
crystallization is significantly suppressed with respect to neat materials, enabling the microphase
separation to proceed at time scales after crystallization of P3HT takes place. This enables the
mesoscale structure to develop during processes such as thermal annealing, because self-
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assembly of the lamellar structure takes place before the crystallization of P3HT is complete. We
also discover that competitive crystallization between P3HT and PFTBT blocks plays an
important role in PFTBT block order formation at high temperatures that is beneficial to device
performance.
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4.1 Introduction
The on-going development of organic photovoltaics (OPVs) relies on developing new donor
and acceptor materials, incorporating interfacial layers to help with charge extraction, and
optimizing the active layer morphology. Microphase-separated block copolymers composed of
electron donor and acceptor blocks provide morphology control to address many of the
challenges in organic photovoltaics1,2. Fully conjugated block copolymers, with careful design of
the donor and acceptor blocks, can self-assemble into periodic nanostructures beneficial for
charge

photogeneration.

Previously,

we

have

demonstrated

that

poly(3-

hexylthiophene)−block−poly-((9,9-dioctylfluorene)-2,7-diyl-alt-[4,7-bis(thiophen-5-yl)-2,1,3benzothiadiazole]-2′,2″-diyl) (P3HT-b-PFTBT) can self-assemble into 10 nm lamellae with
alternating electron donor and acceptor domains. The resulting solar cell performance clearly
outperforms blends of the same component obtained due to the self-assembly of the BCPs1.

However, it can be challenging to control the morphology of fully conjugated block
copolymer for photovoltaic application due to several reasons. First, P3HT-b-PFTBT block
copolymer doesn’t behave like flexible BCP polymer. Instead, they are semiflexible due to high
degree of conjugation in the system. From dihedral potentials estimation and monomer
geometries, the calculated persistence length of P3HT and PFTBT are 3 nm and 6 nm
respectively3. This suggests that these polymers, at modest molecular weight around 10 kg/mol,
would have contour length on the same order of persistence length so they would behave like
semiflexible chains. Our block copolymer has contour lengths of 24 nm and 32 nm for the P3HT
block and PFTBT block respectively. Second, P3HT block in block copolymer can strongly
crystallize, leading to disruption in the mesoscale ordered structure4–7.
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The self-assembly of semiflexible chains has been studied using self-consistence field theory
simulation as function of chain stiffness. Chen et al. have shown that as the chain gets stiffer, two
things will happen. First, the phase space of lamellar morphology grows and morphology with
curved interfaced such as cylinder and spheres destabilized. Second, the order-disorder transition
point gets lower as the chain gets stiffer, which suggest the block copolymer requires less
repulsive interaction between polymer blocks to achieve phase separation8. These emphasize that
crystallization of one block will play a significant role in determining the final morphology of
semiflexible block copolymer. Nevertheless, a complete picture of morphology development of
semiflexible block copolymer, especially during organic solar cell processing conditions, is
lacking.

In block copolymer, morphology formation is driven by two forces: crystallization of one
block and microphase separation between two blocks9. An example of crystallization driven
morphology development is in poly(ethylene)-block-poly(styrene-ethylene-butene) system. Here,
crystallization of poly(ethylene) dominates and crystal can break out of the individual domain
and destroy the ordered structure10. At the other end of the spectrum where microphase
separation dominates morphology development, the crystal is localized within the phase
separated domain leading to confined crystallization within these individual phases. An example
is in the system of poly(styrene)-block-poly(vinylidene fluoride)11. TEM micrographs suggest
this system can self-assemble into lamellar morphology.

Here, we employ in-situ wide and small angle X-ray scattering to study the dynamic
morphology evolution of fully conjugated semiflexible block copolymer, particularly P3HT-b-
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PFTBT system, under the two most important processing conditions for morphology
development in organic solar cells: solvent casting follow by thermal annealing at different
temperatures. Wide-angle X-ray scattering provides signature of crystallization while smallangle scattering provides evidence of microphase separation. We identified the main driving
forces that govern lamellar formation in P3HT-b-PFTBT and to what extent P3HT crystallization
play on overall device performance. We also discover that competitive crystallization between
P3HT and PFTBT blocks plays an important role in PFTBT block order formation at high
temperatures that is beneficial to device performance.
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4.2 Results and Discussion
For this study, we synthesized P3HT and three different batches of P3HT-b-PFTBT, each
with different amount of P3HT volume fraction (φP3HT). Molecular weights, dispersity, and
φP3HT of the materials are listed in Table 4.1. Figure B1 in Appendix provides GPC data for these
materials.

To monitor the morphology evolution during solution casting, we slot-die printed thin films
of polymer onto PEDOT:PSS coated silicon substrates, then constantly took wide and small
angle X-ray measurements while the solvent slowly evaporate and morphology starts to develop.
Experiments were carried out inside a helium chamber to avoid air scattering and to provide a
controlled environment for solvent evaporation. Details of slot-die coater parameters can be
found in the Materials and Methods section.
Table 4.1. Number average molecular weight (Mn), weight average molecular weight (Mw),
dispersity (Ð), and P3HT volume fraction (φP3HT) of polymers used in this study. Volume
fraction of P3HT was determined based on peak heights in UV-Vis.
Mn
Mw
Ð
φP3HT
Material
(kg/mol)
(kg/mol)
P3HT
7.90
12.3
1.54
1.0
P3HT-b-PFTBT (YL2061)
16.3
23.5
1.44
0.40
P3HT-b-PFTBT (YL1193)
12.5
17.1
1.36
0.22
P3HT-b-PFTBT (YL1105)
17.9
23.4
1.31
0.22
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4.2.1 Morphology Development During Solvent Casting
Figure 4.1 shows in-situ GIWAXS scattering profiles of neat P3HT (φP3HT =1.0) (a), YL2061
(φP3HT= 0.40) (b), and YL1193 (φP3HT= 0.22) (c) as function of time after solution casting. Peaks
at 0.38 Å-1 correspond to P3HT (100) while peaks at 1.18 Å-1 and 1.77 Å-1 are contributed by the
solvent. From raw scattering data, it is evident that in neat P3HT (φP3HT =1.0), crystallization of
P3HT happens very fast and P3HT strongly crystallizes after solvent casting. P3HT orients its
backbone edge-on with respect to the substrate, judging by strong out-of-plane scattering of
P3HT (100) signals. It is interesting to note that crystallization starts immediately while the
solvent was evaporating from the film and is complete once a majority of solvent is evaporated.
Figure B2 in Appendix shows P3HT (100) and solvent peaks intensity vs. time after slot-die
coating.

The fast crystallization of P3HT is also observed for the P3HT-b-PFTBT case. However, it is
heavily suppressed compare to neat P3HT, as shown GIWAXS scattering profiles in Figure 4.1
(b) and (c). Figure 4.1 (d) shows P3HT (100) crystalline intensity as function of time after
solution casting for neat P3HT and two batches of P3HT-b-PFTBT, each with different φP3HT.
Intensity data in Figure 4.1 (d) was normalized by volume fraction of P3HT. In all cases, P3HT
starts to crystallize within 20 seconds after solvent deposition. However, crystallization of P3HT
in block copolymer is significantly suppressed with respect to neat materials.

This suppression in crystallization is very crucial since it enables the microphase separation
to proceed at time scales after crystallization of P3HT take place. If P3HT crystallization in
block copolymer is as strong as in neat P3HT, mesoscale structures cannot develope. Figure 4.1
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(e) shows intensities from P3HT (100) and microphase-separated domains with 10 nm in size
from in-situ GISAXS as function of time after solvent casting for block copolymer with φP3HT=
0.22. During film drying, P3HT crystallization happens on a much faster time scale than phase
separation of the two blocks due to the shorter length scale involved. However, since
crystallization is suppressed, microphase-separated domains can start to develop at around 100
seconds, grow and stabilize after 2 minutes. This is crucial for lamellar formation because it
creates a template of 10 nm in size so that in the subsequence thermal annealing step where
P3HT can further crystallize, the crystals are confined within these separated phases. However, if
crystallization of P3HT also happens strongly during thermal annealing, then the crystal can
break out and destroy these templates.
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Figure 4.1. GIWAXS scattering profile of neat P3HT (φP3HT =1.0) (a), YL2061 (φP3HT =0.40)
(b), and YL1193 (φP3HT =0.22) (c) as function of time after solution casting. + denotes scattering
peaks correspond to P3HT (100), while * designates peaks attributed to solvents. d) P3HT (100)
crystalline intensity as function of time after solution casting for neat P3HT and different batches
of block copolymer. Intensity data was normalized by volume fraction of P3HT. e) Intensities
from P3HT (100) (red) and microphase-separated domains with 10 nm in size from in-situ
GISAXS (blue) as function of time after solvent casting for block copolymer batch with φP3HT=
0.22.
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4.2.2 Morphology Development During Thermal Annealing
During thermal annealing, P3HT further crystallize and it’s necessary to suppress
crystallization during this stage since strongly crystallized P3HT can disrupt the mesoscale
structure created earlier during solvent drying. In-situ GIWAXS was performed on polymer
films deposited on PEDOT:PSS coated silicon substrates. Scattering patterns were recorded as
substrates were heated up to desired temperatures. Details on in-situ thermal annealing steps are
described in Materials and Methods section.

Figure 4.2 (a) and (b) shows in-situ GIWAXS scattering profiles as function of temperature
when the polymer films were heated up from 40oC to 165oC for P3HT-b-PFTBT batches with
φP3HT= 0.40 (YL2061) and φP3HT= 0.22 (YL1105) respectively. When the volume fraction of
P3HT in the system is 40%, crystal development of P3HT dominates during thermal annealing,
resulting in formation of well-ordered P3HT crystals and yields strong P3HT (100), (200), (300),
and (010) peaks. However, when the volume fraction of P3HT in block copolymer is scaled
down to 22%, crystallization is suppressed during thermal annealing, resulting in only weak
P3HT (100) and (010) peaks.

The strongly crystallized P3HT in block-copolymer batch with φP3HT= 0.40 disrupt the
mesoscale domains created earlier during solvent casting. As a result, TEM micrograph of the
sample annealed at 165oC for 20 minutes suggests the final morphology consists of large scale
phase separated domains, roughly 70 nm in size. For P3HT-b-PFTBT with 22% P3HT volume
fraction, crystallization of P3HT during thermal annealing is suppressed, leading to formation of
lamellar structure that could be beneficial for charge separation and charge transport in organic
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solar cells. TEM micrograph confirms the formation of lamellar structure in P3HT-b-PFTBT
with φP3HT= 0.22 as shown in Figure 4.2 (d). Domain spacing obtained from TEM agrees with
results from soft-X-ray scattering where peak yield d-spacing of 11 nm at q= 0.057 Å-1
(Appendix Figure B3). Strong P3HT crystallization, during both solvent casting and thermal
annealing phases, is detrimental to the formation of lamellae in P3HT-b-PFTBT semiflexible
copolymer since crystals can disrupt mesoscale structures.

Figure 4.2. GIWAXS scattering as function of temperature for P3HT-b-PFTBT with φP3HT=
0.40 (a) and φP3HT= 0.22 (b). TEM micrographs of P3HT-b-PFTBT films with φP3HT= 0.40 (c)
and φP3HT= 0.22 (d). Inset in (d) shows zoom-in lamellar region with domain spacing of 10.66
nm. Polymer films were annealed at 165oC for 20 minutes and stained with osmium tetroxide.
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However, strong P3HT crystallization in block-copolymer could also be advantageous as
well, if combine with the right processing conditions. We discovered that when annealed at
temperatures higher than 165oC, the PFTBT block in P3HT-b-PFTBT forms a well ordered
phase that is beneficial to overall device performance. Figure 4.3 (a) and (b) shows GIWAXS
scattering profiles of P3HT-b-PFTBT with φP3HT= 0.40 and φP3HT= 0.22 respectively, annealed
at elevated temperatures above 165oC for 20 minutes. Scattering profile of homo-PFTBT
annealed at 165oC is represented in dashed line. Homo-PFTBT is crystallized after annealed at
165oC and displays strong scattering peak at q=0.49 Å-1, which coincides with spacing of 1.28
nm. This spacing corresponds to the lamellar stacking between PFTBT backbones. Crystalline
poly(9,9-dioctylfluorene) also exhibits the same lamellar stacking at 1.28 nm12.

P3HT-b-PFTBT with 40% P3HT volume fraction, when annealed at 195 oC, exhibits strong
peak at q=0.49 Å-1 which corresponds to ordered phase in PFTBT block. Contrary, block
copolymer with only 22% P3HT volume fraction do not form ordered phase in PFTBT block
when annealed at 195oC or above (Figure 4.3 (b)). The findings reveal one of the critical
concepts between competitive crystallization of two blocks and how it affects the formation of
ordered phases in block copolymer. P3HT and PFTBT, in their homopolymer state, are
crystallizable. However, upon covalently bonding to form block copolymer, competitive
crystallization between the two blocks takes place and crystallization in P3HT dominates, while
PFTBT crystallization is either delayed or completely subdue, depending on the volume fraction
of P3HT. When there is large volume fraction of P3HT, its crystallization strongly dominates
during solvent casting and thermal annealing. Since they are covalently bonded together, the
well-ordered P3HT domains help induce PFTBT crystals formation at high annealing
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temperatures. However, when P3HT volume fraction is the system is 22%, there is simply not
enough P3HT crystals to help promote PFTBT ordered formation. Similar phenomenon has been
observed in P3HT-b-PF system where both blocks can strongly crystallize. Verduzco et al.
reported crystallization of one block is predominant at extreme block ratio but at intermediate
ratios, crystallization of both blocks occurs13.

Formation of PFTBT crystals is beneficial for device performance. Figure 4.3 (c) shows J-V
characteristics of block copolymer annealed at 165oC (only P3HT crystals), 195oC (both P3HT
and PFTBT are crystallized) and 220oC (P3HT crystals are partially melted, and strong ordered
in PFTBT). A maximum power conversion efficiency of 3.2% is achieved when there are orders
in both P3HT and PFTBT at 195oC. After P3HT crystals melt at temperature higher than 200oC,
performance drops to less than 1%. This suggests that there is an interplay between ordered
phase in both blocks on device performance.

Figure 4.4 (a) shows device overall performance and normalized P3HT (100) and PFTBT
crystal peak intensities as function of annealing temperatures. The plot can be divided into three
distinctive regions. In the first regime where there’s only P3HT ordered phase, device
performance is around 2%. In the second regime where P3HT crystal is stable and there’s
development of PFTBT ordered phase, performance increases with increasing ordered phase in
PFTBT. In the third regime where P3HT starts to melt while PFTBT is stable, performance
follows the trend of P3HT and drop below 1%. This shows the overall device performance
depends strongly on the interplay between the formation of ordered phase in both P3HT and
PFTBT.
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Figure 4.3. GIWAXS scattering profiles for P3HT-b-PFTBT films annealed at various
temperatures from 175oC up to 230oC for cases with φP3HT= 0.40 (a) and φP3HT= 0.22 (b).
Scattering profile of homo-PFTBT annealed at 165oC is represented in dashed line. Vertical line
indicates peak position of PFTBT ordered phase at q=0.49 Å-1. c) J-V characteristics of P3HT-bPFTBT with φP3HT= 0.40 at different annealing temperatures.
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Figure 4.4. OPV performance and normalized P3HT (100) and PFTBT crystal peak intensities
as function of annealing temperatures. (a) Power conversion efficiency (PCE), (b) open-circuit
voltage (Voc), (c) short-circuit current (Jsc), and (d) fill factor. Error bars represent the standard
deviation of data from multiple devices.
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4.3 Conclusion
Here, we studied the parameters that govern morphology development of semiflexible block
copolymer for organic photovoltaic applications by examining the kinetics of morphological
evolution during two processes: solution casting and thermal annealing. We found that during
film drying, P3HT crystallization happens on a much faster time scale than phase separation of
the two blocks but the crystallization is significantly suppressed with respect to neat materials,
enabling the microphase separation to proceed at time scales after crystallization of P3HT takes
place. This enables the mesoscale structure to develop during processes such as thermal
annealing, because self-assembly of the lamellar structure takes place before the crystallization
of P3HT is complete. We also discover there is competitive crystallization between P3HT and
PFTBT. In P3HT-b-PFTBT, P3HT crystallization dominates while PFTBT crystallization is
either delayed or completely subdue, depending on the volume fraction of P3HT. The overall
device performance strongly depends on the interplay between order phase formation in both
P3HT and PFTBT.
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4.4 Materials and Methods
P3HT and P3HTt-b-PFTBT synthesis: P3HT was synthesized through Grignard metathesis.
2,5-dibromo-3-hexylthiophene reacted with Isopropyl magnesium chloride with LiCl in THF as
the Grignard reagent, followed by polymerization by [1,3-Bis(diphenylphosphino)propane]
dichloronickel(II) (Ni(dppp)Cl2) as catalyst. Then P3HT were added to Suzuki-Miyaura by
Tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4) to get chain extension off of P3HT to
create alternating copolymer of 9,9-dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester
(F) and 4,7-bis(5-bromo-2-thienyl)-2,1,3-benzothiadiazole (TBT) as the second block.

Slot-die coating with in-situ wide and small angle X-ray measurements: Slot-die printing
instrument and set up was performed by scientists at beamline 7.3.3. Details on slot-die printing
equipment has been described by Liu et al.14. Slot-die printing components are assembled inside
a helium chamber to avoid air scattering and to provide a controlled environment for solvent
evaporation during printing. Solutions for slot-die printing were prepared by dissolving either
P3HT or P3HT-b-PFTBT in a mixture of 80% chloroform and 20% dichlorobenzene solution to
obtain a concentration of 7 mg/mL. Solutions were stirred overnight at 55oC and filtered through
0.2 μm filters prior to slot-die printing. In experiment, a 10 mm/s speed is used on the slot-die
printing head. The head to substrate distance is around 60 μm. The solution injection rate is 0.3
mL/min. Together, these parameters yield film thickness of approximately 80 nm. Coating
process started immediately the moment solution came out of the printing head. Prior to the
printing process, the substrates are pre-aligned at an incident angle of 0.175o for both GIWAXS
and GISAXS experiments. X-ray is constantly applied to the sample during the duration of the
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experiment with 1 second of exposure time for each frame. Experiment data are collected using
Pilatus 2M detector.

Thermal heating with in-situ wide angle X-ray measurements:

Solutions of P3HT and

P3HT-b-PFTBT were prepared using the same conditions as in slot-die printing experiment.
Solutions were deposited on PEDOT:PSS coated silicon substrates. Substrates were then placed
on a control heating stage and temperature was ramped to set-point with a ramp rate of
100oC/min. After reaching the set-point, temperature was hold constant for 20 minutes to
simulate thermal annealing of solar cell. After 20 minutes, the stage was cooled down to 40oC at
a rate of 50oC/min. In-situ heating experiments were carried out inside a helium filled chamber to
avoid air scattering and provide a controlled inert environment. X-ray is constantly applied to the
sample during the duration of the experiment with 1 second of exposure time for each frame.
Experimental data are collected using Pilatus 2M detector.

J-V characteristic measurements: Polymer solutions used for J-V characteristic
measurements were prepared using the same conditions as slot-die coating and in-situ thermal
annealing X-ray measurements. Solutions were deposited on PEDOT:PSS coated ITO substrates.
Aluminum cathode contacts were thermally evaporated onto the active layer to complete devices.
Complete solar cells were tested in a nitrogen-filled glove box under AM 1.5G 100 mW/cm2
illumination and in the dark. Current-voltage characteristics were measured and recorded using a
Keithley 2636A source meter through a Labview interface.
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Chapter 5: Anisotropy scattering reveals molecular
orientation in self-assembled semiflexible block-copolymer
5.1 Introduction
In organic electronics, the molecular orientation within and between domains plays a crucial
role in determining their optical and electronic properties, which affect anisotropy energy levels
and charge mobilities1,2. In small molecules and conjugated polymer, electronic orbitals often
delocalized along the backbone or between molecules if the material is strongly crystallized, thus
enable effective charge transport along specific directions. This allows the use of such materials
in solar cells, transistors, and light emitting diodes1,3–5. However, it is challenging to characterize
molecular orientation and distinguish different domains in weakly crystallized or amorphous
materials. Many conventional morphology characterization techniques rely on variations in
electron density to generate contrast. However, in systems of polymer blend or block copolymer
with similar electron densities, it is challenging to characterize the film morphology.
Resonant soft X-ray scattering (RSOXS) is a powerful tool for characterizing the phase
separation in polymer thin films where there is similar composition between phases. An example
is the blend system of P3HT and PCBM or fully conjugated block copolymer. RSOXS can
exploit the subtle differences in absorption between multi-phases by tuning the X-ray energy to
one or more resonance peaks of the organic materials6. Compared to traditional hard X-ray
scattering technique, soft X-ray offers several advantages such as sensitivity to bonding
environment, low sample damage, and high resolution.
RSOXS, when coupled with polarized X-ray, can reveal preferential molecular orientation
within domains. It can be used to distinguish between types of molecular alignment, allowing
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new insight into interfacial structure and probing of local ordering within globally isotropic
films. Interfacial molecular alignment is important to processes that occur across interfaces such
as charge separation and recombination5. Employing polarized soft X-ray scattering can help
determine local molecular alignments that are difficult to measure with other techniques.
Polarized soft X-ray scattering has been used to characterize molecular orientation in soft
materials for transistors and organic solar cells7,8. However, incorporating polarized X-ray in soft
scattering is a fairly new technique and further developments are needed to fully understand and
interpret the scattering results.
Here, we employed polarized soft X-ray scattering to study the interfacial molecular
alignment

in

poly(3-hexylthiophene)−block−poly-((9,9-dioctylfluorene)-2,7-diyl-alt-[4,7-

bis(thiophen-5-yl)-2,1,3-benzothiadiazole]-2′,2″-diyl) (P3HT-b-PFTBT) block copolymer. We
found that in lamellar formation, the P3HT chains aligned parallel to the domain interface. We
also found that crystallization of P3HT plays an important role in lamellar morphology
development and weak P3HT crystallization allows for easier lamellae formation at low
annealing temperature but at the cost of well-ordered phase separated domains.
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5.2 Resonant Soft X-ray Scattering Geometry
Resonant soft X-ray scattering (RSOXS) is a transmission X-ray scattering technique.
Instrumentation and setup for RSOXS experiment was developed and refined over the past
several years at Advanced Light Source beamline 11.0.1.29. Sample films are placed normal to
the incident X-ray beam. CCD camera is positioned directly behind the sample to collect
scattering signal. The distance between sample and CCD can be adjusted to probe different q
range. In other words, we can choose what length scale to observe by adjusting the distance
between sample films and CCD. The energy of the incoming X-ray can be tuned in the range
from 165 to 2000 eV through the use of grating monochromator. Polarization of the incident Xray can also be controlled by employing an elliptically polarized undulator. The entire scattering
process is carried out inside a high vacuum chamber to avoid air scattering and enhance
scattering signals. The scattering intensity is a function of scattering angle, θ, and azimuthal
angle, ϕ. With RSOXS scattering, the in-plane morphology of sample film can be probed.
Scattering intensities can be integrated along the azimuthal direction, ϕ, to convert to scattering
profile as function of scattering vector, q. Figure 5.1 shows the geometry for a typical RSOXS
experiment.

Figure 5.1. Transmission geometry of resonant soft X-ray scattering. Left: Incident soft X-ray
(energy range: 165-2000 eV) is normal to sample film. Scattering signal is capture by a CCD
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camera directly behind the sample. Right: scattering signal recorded on the CCD with scattering
intensity a function of scattering angle (θ) and azimuthal angle (ϕ)7.

5.3 Origins of Scattering Contrast in Resonant Soft X-ray Scattering
In the soft X-ray spectrum between 165 to 2000 eV, absorption is significant for organic
materials. In a morphology with multiple phase separated domains, the amplitude of the scattered
field from each phase scales strongly with its complex refractive index n(λ) described in equation
5.1:
n(λ) = 1-δ(λ) +iβ(λ)

(5.1)

The complex refractive index is composed of a dispersive component δ(λ) and an absorptive
component β(λ), both are energy dependent9. In other words, δ(λ) describe the non-absorptive
interaction, which leads to refraction, while β(λ)describe how strongly the materials absorbs the
radiation. The scattering contrast arises from the difference in n(λ), or δ(λ) and β(λ), between
different phases as described in equation 5.210:
𝐼 ∝

∆𝑛∆𝑛∗
𝜆4

=

(Δ𝛽)2 +(Δδ)2
𝜆4

(5.2)

where Δ𝑛 denotes the difference in n(λ) between two phases and Δ𝑛∗ is the complex conjugate of
Δ𝑛. Since the energies of the core levels (1s) of carbon, nitrogen, and oxygen are located within
the soft X-ray regime, probing within this regime will give rise to direct sensitivity to chemical
bonding of organic materials.
Let’s take P3HT and PCBM for example. P3HT contains carbon, sulfur, and hydrogen while
PCBM has carbon, oxygen, and hydrogen molecules. Near-edge X-ray absorption fine structure
(NEXAFS) studies of neat P3HT and PCBM films (Figure 5.2) revealed that the carbon
absorption between P3HT and PCBM is distinctive due to different bonding environment of
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carbon atoms in P3HT vs. PCBM11. Near the carbon absorption edge (~ 280-320 eV), P3HT
exhibits resonant absorption at 285.1 eV while two resonances are found for PCBM at 284.5 and
285.8 eV. The carbon 1s to π* transition in P3HT and PCBM differ by 0.6 eV, thus, scattering is
enhanced at these energies since the absorption differs significantly. Beside carbon, oxygen
absorption edge (525 eV) can serve as another source of scattering contrast given that only
PCBM contains oxygen atoms. Likewise for P3HT with sulfur molecules. By taking advantage
of the subtle differences in the absorption between P3HT and PCBM near the carbon edge,
contrast between domains with different P3HT/PCBM composition can be generated using
RSOXS.

Figure 5.2. Near-edge X-ray fine structure (NEXAFS) spectra for neat P3HT (top) and PCBM
(bottom) near the carbon 1s to π* transition region. Open symbols denote experimental data.
Solid lines represent the individual peak fits. P3HT exhibits spectral transition at 285.1 eV while
PCBM has two features at 284.5 and 285.8 eV11.

For materials that are composed of similar atoms such as P3HT and PFTBT used in the block
copolymer system, subtle differences in bonding environment provide enough distinction in
NEXAFS scattering signal that make the two materials distinguishable. Figure 5.3 shows
NEXAFS spectra of neat P3HT and PFTBT thin films near the carbon 1s to π* transition region
showing the differ in absorption near 285 eV.
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Figure 5.3. NEXAFS spectra for neat P3HT and PFTBT film near the carbon 1s to π* transition
region. Subtle differences in bonding environment result in difference in NEXAFS intensity near
285 eV12.

5.4 Origins of Anisotropy Contrast in Polarized Soft X-ray Scattering
Similar to resonant soft X-ray scattering, polarized soft X-ray scattering (PSOXS) relies on
absorption difference between different phases to generate contrast. However, what distinguishes
PSOXS from traditional resonant soft X-ray scattering is the incorporation of polarized X-ray.
Polarized X-ray can reveal molecular orientation within phases, thus, adding another contrast
generation mechanism.
In organic materials, electronic transitions into higher molecular orbitals upon absorption of
X-rays will have transition dipole moments along specific directions13–15. For examples, in
organic semiconductors such as pentacene and P3HT, carbon 1s to π* transitions have transition
dipole moment normal to the aromatic plane and conjugated polymer backbones. Near a resonant
transition, the energy-dependent absorptive component β(λ) is dependent on the molecular
orientation of the materials. Therefore, using polarized electric field at the resonant energy will
then reveal its local orientation.
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In PSOXS measurement, the polarized incident X-ray has electric field on the plane
perpendicular to the X-ray propagating direction plane (Figure 5.4). Thus, by tuning the X-ray
polarization, we can change the electric field direction from horizontal to vertical with respect to
the sample and CCD captured scattering image. In ordered materials that has molecular
orientation such as crystalline P3HT, the carbon 1s to π* transition dipole moment is along the π
orbital direction normal to the conjugated backbone. When the electric field is parallel with the
transition dipole moment, absorption at the resonant transition energy is significantly enhanced.
However, when the incident electric field is perpendicular to the transition dipole moment,
absorption is strongly suppressed. As a result, differences in molecular orientations between
domains provide additional scattering contrast at resonant absorption energies. Differences in
molecular orientation between domains also generate anisotropic scattering patterns (intensity
variations along azimuthal directions) which contain information about molecular ordering.

Figure 5.4. Incident soft X-ray can be polarized and the electric field oscillates on the plane
perpendicular to the propagation direction of the X-Ray. a) a horizontal polarized X-ray with
vertical electric field and b) vertical polarized X-ray with horizontal electric field.
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5.5 Determining Molecular Orientation from Scattering Anisotropy
Anisotropic scattering data obtained from PSOXS contains information about molecular
orientation between domains. The anisotropy scattering pattern is dependent on the polarization
of the incident X-ray, that is when the electric field rotates 90 degrees from horizontal to vertical,
the anisotropy scattering pattern also rotates 90 degrees. Let’s look at crystalline P3HT for
example. Crystallized P3HT sample forms fibers within the bulk and inside these fibrils, P3HT is
highly aligned with a well ordered molecular orientation. Contrast in PSOXS is generated by the
difference in molecular orientation between the fibers and the less ordered domains. Figure 5.5
illustrates schematic of P3HT fibrils in a sample. Gray rectangles illustrate well ordered P3HT
backbones within the fiber with blue line indicate fiber boundary. Blue region represents
amorphous phase between the fibers. If all the P3HT inside the fiber is align in such a way that
they are always face on with respect to the substrates (Figure 5.5a), then the transition dipole
moment (or the π-π stacking direction) is always normal to the substrate, regardless of the
direction of the fibers. This way, the electric field, either horizontally or vertically aligned, is
always perpendicular to the transition dipole moment. As a result, absorption is strongly
suppressed and this sample with this particular alignment of P3HT backbone within the fiber will
not generate anisotropic scattering.
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Figure 5.5. Schematic of crystallized P3HT fibers in a film. Gray rectangles illustrate well
ordered P3HT backbones within the fiber with blue line indicate fiber boundary. Blue region
represents amorphous phase between the fibers. Yellow arrows indicate the direction of
transition dipole moment in stacked P3HT. a) P3HT is packed face-on within the fiber, thus do
not contribute to anisotropy scattering. In b) and c) P3HT is packed edge-on within the fiber,
thus contribute to anisotropy scattering, depending on the direction of the electric field. Red
indicates P3HT that has transition dipole moment parallel to electric field, thus result in
enhanced absorption.
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On the other hand, if the P3HT inside the fibers align in an edge-on fashion with respect to
the substrate (Figure 5.5 b and c), then the sample will generate anisotropic scattering. When the
electric field is aligned horizontally (Figure 5.5b), absorption is enhanced for P3HT stacking that
has the transition dipole moment parallel to the electric field (show in red). Those that do not
have the transition dipole moment parallel to the electric field have weak absorption, thus, help
generate anisotropy contrast. Likewise, when the electric field is rotated 90 degrees (Figure 5.5c)
the strong and weak absorption components switch. This gives rise to the polarization dependent
anisotropy scattering.
Not all samples produce anisotropic scattering pattern. Only those that have molecular
orientation along a certain direction can. It is important to note that scattering from RSOXS and
anisotropic scattering from PSOXS doesn’t necessary mean the same thing as the contrast
generation mechanism is different. Some samples can exhibit both features from RSOXS and
PSOXS, while some have RSOXS feature without having any anisotropy and vice versa. In order
to exhibit features in both RSOXS and PSOXS, there must be a correlation of both molecular
alignment and domain interface. Molecular alignment by itself, uncorrelated to a domain
boundary or domain alignment by itself, uncorrelated to a molecular orientation cannot produce
polarization-dependent anisotropic X-ray scattering.
Figure 5.6 shows a series of samples with different aspect of molecular orientation and
domain boundary. Blue medium in Figure 5.6 denotes amorphous component while red regions
represents crystalline component with red lines represent molecular orientation. In Figure 5.6a,
there is uncorrelated molecular orientation as well as uncorrelated domain boundary, thus, this
sample does not exhibit anisotropy scattering in PSOXS and feature in RSOXS is a very broad
peak that represent the average spacing between different domain boundaries. In Figure 5.6b,
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there is correlated domain boundary, which results in RSOXS scattering with sharp peak that
represent the spacing distance between red domains. However since there is no correlation in
molecular orientation, PSOXS won’t yield anisotropic scattering. Figure 5.6c is the opposite case
where there is correlation in molecular orientation without correlation in domain boundary. This
case is similar Figure 5.6a, where the sample yields a very broad peak from RSOXS scattering
but since there is molecular orientation, there is also anisotropic scattering from PSOXS. In
Figure 5.6d, we have correlation in both molecular alignment and domain boundaries. This
sample yields sharp scattering peaks in both RSOXS and PSOXS and exhibits strong anisotropy.
Only in this case, the length scale obtained from RSOXS matches with those obtained from
PSOXS.

Figure 5.6. Schematic of samples with different aspect of molecular orientation and domain
boundary. Blue medium denotes amorphous component while red regions represents crystalline
component with red lines represent molecular orientation. In a) there is no correlation in both
molecular alignment and domain boundary. b) has correlated domain boundary but has random
molecular orientation. c) has correlation in molecular orientation but randomly distributed
domain boundary and d) has correlation in both molecular orientation and domain boundary.
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To quantify the degree of anisotropy, we calculate anisotropy ratio. Anisotropy ratio is
dependent on both scattering vector q and X-ray energy (E). We define anisotropy scattering as:
𝐼 (𝑞,𝐸)−𝐼 (𝑞,𝐸)

𝐴(𝑞, 𝐸) = 𝐼⫽(𝑞,𝐸)+𝐼⟘(𝑞,𝐸)
⫽

⟘

(5.3)

where I// is the intensity along the direction parallel to the electric field and I⟘ is the intensity in
the direction perpendicular to the electric field. Anisotropy ratio is dependent on scattering
vector q since different correlation length scales between domain boundaries may have different
molecular orientation (as we will discuss in detail in the later section). Likewise for the
dependent on X-ray energy since resonant transition is sensitive on bonding environment. Since
it is a ratio between scattering sectors, then -1 ≤ A ≤ 1.
The value of anisotropy ratio is an indication of the molecular orientation with respect to the
electric field. A schematic of lamellar morphology in block copolymer is shown in Figure 5.7.
Blue represents crystalline block while red illustrates amorphous block. Blue and red lines
correspond to polymer backbone of each block. Here we have two types of chain packing. Type
A is where the backbone is aligned parallel to the interface while in type B, the backbone is
perpendicular to the interface. The orientation of chain packing within domains is key in
dictating the anisotropy in the scattering profile. Different types of molecular orientation have
specific direction for transition dipole moment, resulting in different anisotropic scattering and
anisotropy ratio value.
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Figure 5.7. Schematic of different types of molecular orientation within lamellar domain in
block copolymer. Blue represents crystalline block while red illustrates amorphous block. Blue
and red lines correspond to polymer backbone of each block. Dash line represent the domain
interface a) Type A chain packing where well-ordered chains in blue align parallel to the
interface and b) type B chain packing where chains in blue are aligned perpendicular to the
interface.

Figure 5.8 shows different anisotropic scattering pattern due to molecular alignment. In both
cases, the electric field is aligned horizontally with the sample. In Figure 5.8a, the scattering
pattern is elongated along the vertical direction (mark by red arrow) while in Figure 5.8b,
anisotropy is along the horizontal direction. Based on the way we defined anisotropy ratio in
equation 5.3, the A value for scattering profile in Figure 5.8a approaches -1 while in Figure 5.8b,
A value approaches +1. To correlate molecular orientation (type A or type B) to anisotropic
scattering pattern, let’s consider all the possible orientations of type A and type B molecular
packing, which are represent in Figure 5.8 c and d. Only orientation with the transition dipole
moment (same direction as π-π stacking) that is parallel to the electric field is excited. If the
polymer chain is oriented parallel to the interface, the type A chain packing, then the polarized
electrical field would lead to an intensity enhancement parallel to the electrical field direction
(Figure 5.8d). On the other hand, if the polymer chain is oriented orthogonal to the interface
(type B), then the polarized electrical field would lead to an intensity increase perpendicular to
the electrical field direction (Figure 5.8c). Therefore, if the electrical field is in the horizontal
direction, molecular orientation with polymer chains parallel to the interface would result in
109

anisotropic scattering along the vertical direction (same as electrical field) and yield positive
anisotropy value. However, if the polymer chains are orthogonal to the domain interface, then
anisotropic scattering would be elongated along the vertical direction (opposite to the electric
field), and the sample yields negative anisotropy value. In the next section, we validate the
accuracy of PSOXS in predicting molecular alignment by applying this technique to system with
well-known molecular orientation.

Figure 5.8. Raw PSOXS scattering data of a) type B chain packing where polymer chains are
orthogonal to the domain interface and b) type A chain packing where polymer chains are
parallel to the interface. Yellow regions in a) indicate the intensity parallel and perpendicular to
the electric field that are used to tabulate anisotropy ratio. c) and d) are schematic illustration of
the scattering anisotropy. Circle in c) and d) represent all the possible orientation of the two
types of chain packing. Green ovals represent the resonant excitation area where the transition
dipole moment is parallel to the electric field.
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5.6 Polarized Soft X-ray Scattering of Neat P3HT Film
Neat P3HT, when annealed at elevated temperature for long period of time, strongly
crystallize and form a network of fibrils within the film morphology. It has been shown that
P3HT nanofibers have the P3HT chains oriented perpendicular to the interface16–21 (similar to
type B orientation discussed here). We obtained resonant soft X-ray scattering measurement of
P3HT film annealed at 150oC for 3 hours at 285.4 eV, which corresponds to carbon 1s to π*
transitions. Scattering profile as function of scattering vector q is shown in Figure 5.9a where a
peak at ~0.034 Å-1 corresponds to a domain spacing roughly 18 nm. This domain spacing length
scale represents the average distance between P3HT fibrils in the film. Anisotropy ratio as
function of scattering vector q, shown in Figure 5.9b, also display a peak at 0.034 Å-1. The
correlation length scales obtained from both RSOXS scattering and anisotropy ratio are in
excellent agreement, indicating there is preferential molecular alignment within the P3HT fibers.
The negative value of the anisotropy ratio indicates the polymer chains are orthogonal to the
fiber interface, which is commonly seen in P3HT nanofibrils16–21. This validates the accuracy of
employing anisotropy ratio from PSOXS to predict molecular alignment within domains.

Figure 5.9. a) RSOXS scattering profile as function of scattering vector q of neat P3HT film
annealed at 150oC for 3 hours. b) anisotropy ratio as function of q for the same film.
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5.7 Polarized Soft X-ray Scattering of P3HT-b-PFTBT Block Copolymer
Previously, we have demonstrated that P3HT-b-PFTBT can self-assemble into 10 nm
lamellae with alternating electron donor and acceptor domains12. However, crystallization of
P3HT block also play a crucial role in dictating the formation of lamellar morphology as
discussed in Chapter 4. Here, we performed PSOXS experiment on the same batches of P3HT-bPFTBT used earlier in Chapter 4 where one batch, YL2061, has a higher P3HT volume fraction
and thus stronger crystallization than the other batch YL1105. We also introduce a new batch of
block copolymer where we added 2% mole fraction of poly(3-octylthiophene) (P3OT) into P3HT
polymerization to make random copolymer of P3OT and P3HT in an attempt to suppress P3HT
crystallization (YL2185). The properties of the materials are listed in Table 5.1 below:
Table 5.1. Number average molecular weight (Mn), weight average molecular weight (Mw),
dispersity (Ð), and P3HT volume fraction (φP3HT) of polymers used in this study. Volume
fraction of P3HT was determined based on peak heights in UV-Vis. For YL2185, the weight
fraction of P3HT is 60%.
Mn
Mw
Ð
φP3HT
Material
(kg/mol)
(kg/mol)
P3HT-b-PFTBT (YL2061)
16.3
23.5
1.44
0.40
P3HT-b-PFTBT (YL1105)
17.9
23.4
1.31
0.22
1.11
0.60*
P3HT(0.98)-b-PFTBT (YL2185)
11.8
13.1

In P3HT-b-PFTBT where crystallization of P3HT is heavily suppressed, as evidenced by
GIWAXS scattering in Figure 4.3b, it is much easier to form lamellae and alternating domains
can be achieved by annealing the samples to 165oC for 20 minutes. That temperature is slightly
above PFTBT glass transition temperature of 130oC. Figure 5.10 shows the RSOXS scattering
profile as well as anisotropy ratio as function of scattering vector q for YL1105 and YL2185,
both batches of block copolymer where crystallization of P3HT block is suppressed.
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Figure 5.10. a) RSOXS scattering profile as function of scattering vector q of YL1105 and
YL2185 annealed at 165oC for 20 minutes. b) anisotropy ratio as function of q for the same
samples.

RSOXS scattering profiles of P3HT-b-PFTBT, with and without 2 mole % of P3OT, yield a
scattering peak corresponds to a correlating length scale of 21 nm, which corresponds to the
domain spacing between lamellae. Anisotropy ratios of the two blocks also yield a similar length
scale of 24 nm. The fact that both RSOXS and anisotropy ratio calculated from PSOXS yield
similar length scale indicate the same separated domains have preferential molecular orientation.
We expect only the well-ordered P3HT domains to contribute to anisotropic scattering since
PFTBT is amorphous for these block copolymers at the current processing condition, and thus
has no preferential molecular orientation. The negative anisotropy value indicates P3HT are
aligned parallel to the lamellar interface, as in type A chain packing. We do not see any evidence
of negative anisotropy at high q, as observed in neat P3HT film, which corresponds to P3HT
crystals. This is expected since these particular P3HT-b-PFTBT systems have suppressed P3HT
crystallization.
Next, we look at soft X-ray scattering of YL2061, the block copolymer that exhibits both
strong P3HT crystallization and PFTBT ordered phase at high annealing temperature but does
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not exhibit strong lamellar formation at low temperature (as discussed in Chapter 4). Figure 5.11
shows RSOXS scattering profiles as well as anisotropy ratio as function of scattering vector q for
YL2061 annealed at 185oC, 195oC and 200oC for 20 minutes. RSOXS scatterings exhibit peaks
at 27 nm and 12 nm for sample annealed at 185oC and 33 nm and 12 nm for sample annealed at
195oC. For sample annealed near the melting point of P3HT at 200oC, a peak at 31 nm and a
weak shoulder at 12 nm is observed. Anisotropy ratio tabulated from PSOXS also yield peaks at
the same correlating length scales. The peaks at low q have positive anisotropy value and the
length scales are on the same order as the lamellar peak observed in YL1105 and YL2185,
suggesting YL2061 may be able to form lamellae at high temperature.
The strength of the anisotropy depends on both annealing temperature and q. At 185oC, the
strength of the anisotropy ratio at 27 nm length scale is fairly weak. However, when annealed at
195oC, the domain spacing grows to 32 nm and the anisotropy ratio also gets stronger. Near the
melting point of P3HT at 200oC, the sample exhibits weak anisotropy at 31 nm length scale.
Since the scale and position of the positive anisotropy peak of sample annealed at 195 oC is
comparable to the lamellar observed in YL1105 and YL2185, we expect the formation of
lamellar morphology in YL2061 strongly depend on the annealing temperature. At low annealing
temperature, weak lamellae start to form but there are broad interface at domain boundaries.
However, at high annealing temperature, the lamellae are well-ordered with sharp boundaries,
contributing to stronger anisotropy ratio. We will discuss the morphology development in
YL2061 in later section.
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Figure 5.11. RSOXS scattering profiles of YL2061 annealed at a) 185oC, c) 195oC, and e) 200oC
for 20 minutes. Anisotropy ratio as function of scattering vector q for YL2061 annealed at b)
185oC, d) 195oC, and f) 200oC for 20 minutes.
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The anisotropy peak at high q has the same characteristics as the peak observed in neat P3HT
film, suggesting the source of scattering could come from P3HT crystallites. This agrees with
GIWAXS scattering data where YL2061 shows strong P3HT crystallization after solvent casting
(Chapter 4). Unlike the lamellar peak at low q, which is weak at 185oC, the peak at high q is
pronounced at low annealing temperature where there is evidence of strong P3HT crystallization
from GIWAXS. It also gets stronger at annealing temperature increases and decreases once the
annealing temperature reaches near P3HT melting temperature. We attribute the anisotropy peak
at high q, which corresponds to domain spacing of 15 nm is coming from P3HT crystallites. The
smaller correlating length scale and the anisotropy value for this peak is completely opposite to
the lamellar peak suggest that P3HT crystallites are embedded within the lamellar domains.
Thus, the P3HT chain orientation with respect to P3HT crystallites boundary is perpendicular, or
of type B.
YL2061, from GIWAXS scattering results, forms well-ordered PFTBT phase at high
annealing temperature. However, we can’t detect the presence of well aligned PFTBT phase via
PSOXS. The reason is that since the block copolymer phase separated into alternating P3HT and
PFTBT domains, and both P3HT and PFTBT blocks are of similar size, the length scales
correlate to the spacing between PFTBT domains should also be similar to the spacing between
P3HT domains. Thus, the anisotropic scattering for P3HT and PFTBT order phase overlapped.
Since P3HT is strongly crystallized compare to PFTBT, it dominates and contributes the most to
anisotropic scattering. The anisotropic feature observed at 32 nm for sample annealed at 195oC
comes from crystallized P3HT chains within P3HT rich domains.
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5.8 Morphology Development in Block Copolymer
From the dependent of lamellae anisotropic scattering on annealing temperature and evidence
of early P3HT crystallization from GIWAXS (Chapter 4), we propose a mechanism for
morphology development in block copolymer. In block copolymer where P3HT strongly
crystallize, such as YL2061, crystallization happens immediately after solvent casting due to the
shorter length scale involved. However, these small P3HT crystallites are embedded in a
kinetically trapped P3HT and PFTBT amorphous matrix (Figure 5.12a as cast). These P3HT
crystallites can act as anchors and make it harder for P3HT block to diffuse around and achieve
nanoscale phase separation. Upon thermal annealing at temperature slightly above PFTBT glass
transition temperature of 130oC, both P3HT and PFTBT blocks have enough energy to diffuse
and self-assemble. P3HT chains that participate in the crystallization after solvent casting
remains lock in the crystalline structure, and P3HT in the amorphous matrix self-assemble
around these P3HT crystallites. This creates the formation of P3HT rich phases around the
crystallites and the PFTBT rich phases alternating in between (Figure 5.12a 165oC). At this
stage, the interface between P3HT rich domains and PFTBT rich domains is broad and not
clearly defined. This explains the weak anisotropy ratio observed at low annealing temperature.
At high annealing temperature, polymer blocks have enough thermal energy to further phase
separate, leading to formation of P3HT and PFTBT lamellae domains (Figure 5.12a 195oC).
Here, the interface between domains is sharp, with well aligned molecular within domains. This
leads to strong anisotropic scattering at high temperature as we observed earlier. Anisotropy peak
at low q corresponds to the spacing between P3HT lamellar domains where P3HT chains aligned
vertically with respect to the interface (Figure 5.12b). While at high q, scattering corresponds to
the spacing between P3HT crystallites within P3HT lamellae domain. Here P3HT chains are
117

orientated perpendicular with respect to the crystallites interface (Figure 5.12b). In block
copolymer where P3HT block strongly crystallize, it’s not easy to form lamellae since small
crystallites make it harder for P3HT to diffuse and phase separate. More thermal energy must be
provided through annealing so the system can self-assemble into nanoscale domains. However,
once lamellae morphology is achieved, the domains within lamella are highly ordered and that
helps improve device performance.

Figure 5.12. a) Morphology development in P3HT-b-PFTBT where P3HT block is strongly
crystallized. b) Source of anisotropy scattering in YL2061 at 195oC. 32 nm length scale
corresponds to the domain spacing between lamellae where P3HT chains aligned parallel to
interface. 15 nm length scale corresponds to domain spacing between P3HT crystallites within
lamellae and P3HT chains are perpendicular with respect to the interface.
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In P3HT-b-PFTBT batches where P3HT doesn’t crystallize strongly, it’s easier to form
lamellar morphology. Without many small P3HT crystallites acting as anchors, block copolymer
chains have more freedom to diffuse and phase separate. The result is lamellae formation at
relatively low thermal annealing temperature. The inside of these lamellae domains, however,
tends to be less ordered and thus, not fully optimized for charge transport. Weak P3HT
crystallization allows for easier lamellae formation at low annealing temperature but at the cost
of well-ordered phase separated domains.
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5.9 Conclusion
Here, we employed polarized soft X-ray scattering to study the interfacial molecular
alignment in P3HT-b-PFTBT block copolymer. Using two different batches of block copolymer
with different degree of P3HT crystallization, we found that in block copolymer where P3HT
strongly crystallize, it’s harder to achieve lamellae due to the formation of P3HT crystallites
within a kinetically trapped P3HT and PFTBT amorphous matrix after solvent casting. High
thermal annealing is required to provide enough energy to promote nanoscale phase separation
and lamellae formation. However, the lamellar domains that formed at high temperature are
highly-ordered with P3HT crystallites embedded inside. Here, P3HT chains aligned parallel with
respect to lamellae domain interface. PSOXS also reveals the molecular orientation of P3HT
crystallites within the P3HT lamellar domain. In block copolymer where P3HT crystallization is
suppressed, weak P3HT crystallization allows for easier lamellae formation at low annealing
temperature but at the cost of well-ordered phase separated domains.
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5.10 Materials and Methods
P3HT and P3HT-b-PFTBT synthesis: P3HT was synthesized through Grignard metathesis.
2,5-dibromo-3-hexylthiophene reacted with Isopropyl magnesium chloride with LiCl in THF as
the Grignard reagent, followed by polymerization by [1,3-Bis(diphenylphosphino)propane]
dichloronickel(II) (Ni(dppp)Cl2) as catalyst. Then P3HT were added to Suzuki-Miyaura by
Tetrakis(triphenylphosphine)palladium (Pd(PPh3)4) to get chain extension off of P3HT to create
alternating copolymer of 9,9-dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester (F)
and 4,7-bis(5-bromo-2-thienyl)-2,1,3-benzothiadiazole (TBT) as the second block.
Soft X-ray scattering sample preparation: for both RSOXS and PSOXS experiments, thin
films (~80 nm thickness) of P3HT-b-PFTBT were cast from 7 mg/mL chloroform solutions onto
PEDOT:PSS coated silicon wafers. Prior to PEDOT:PSS deposition, silicon wafers were cleaned
through sonication in acetone and isopropanol for 20 minutes followed by 10 minutes of
ultraviolet light ozonation. As-cast polymer films were floated-off in deionized water and picked
up with 5 mm x 5 mm silicon frames supporting a 1 mm x 1 mm, 100 nm thick Si3N4 window.
Samples were then dried under vacuum for 12 hours and thermally annealed at different
temperatures on a calibrated digital hot plate in a N2 filled glovebox.
PSOXS and PSOXS measurements: soft X-ray scattering experiments were conducted at
beamline 11.0.1.2 at the Advanced Light Source, Lawrence Berkeley National Laboratory.
Scattering was performed in transmission geometry in vacuum.
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Chapter 6. Summary and future outlook
6.1 Summary
Pathway towards high performance organic photovoltaics relies on the development of novel
strategies for contact doping to reduce interfacial barrier for better charge collection and active
layer structural control to optimize both the amount of interfacial area for charge
photogeneration and the continuity of phase separated domains for charge transport. These new
strategies require combining new novel materials with the right processing conditions and the
incorporation of new characterization technique to analyze the complex nanostructure formed in
organic functional layers.
Interfacial barriers at electrode-semiconductor contacts can greatly limit charge collection
efficiency and hamper device performance. Doping of the organic semiconductor near the
interface can alleviate charge extraction or injection problems by allowing charge tunneling
through barriers with reduced width. We have demonstrated that polymer acids can act as p-type
dopants near electrode interfaces for active layers containing poly(3-hexylthiophene-2,5-diyl)
(P3HT). By varying the pendant acidic groups between aromatic sulfonic acid, trifluoromethane
sulfonimide, and perfluorosulfonic acid, across different backbones: poly(sulfone) and
poly(phenylene oxide), we find the effectiveness of doping the conjugated polymer at the
interface depends on the strength of the pendant acid group with stronger acid moieties being
capable of creating more carriers in the doped system. Deposition of acidic polymeric dopants at
the anode allows high carrier densities, of order 1020 cm-3, to be obtained in polymer
semiconductors near the electrode interface. Nevertheless, strongly fluorinated acid groups also
cause phase separation between dopants and conjugated polymers, thus hindering the doping
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effectiveness. The overall doping efficacy near electrodes therefore depends on the interplay
between the strength of pendant acid groups and miscibility between polymeric dopants and
conjugated polymers. The relationship between pendant acid strength and phase separation
impose a limit on doping efficacy and once the limit is approached, stronger acids in polymer
dopants do not necessary continue to improve photovoltaic device performance.
State-of-the-art organic solar cells rely on kinetically trapped, partially phase separated
structures of electron donor and acceptor blend mixtures. However, blend systems suffer from
morphological instability and structural disorder at interface between donor and acceptor.
Microphase-separated block copolymers composed of electron donor and acceptor blocks may
provide morphology control to address many of the challenges in organic photovoltaics. Fully
conjugated block copolymers, with careful design of the donor and acceptor blocks, can selfassemble into periodic nanostructures beneficial for charge photogeneration. Previously, we have
demonstrated that poly(3-hexylthiophene)−block−poly- ((9,9-dioctylfluorene)-2,7-diyl-alt-[4,7bis(thiophen-5-yl)-2,1,3-benzothiadiazole]-2′,2″-diyl) (P3HT-b-PFTBT) can self-assemble into
10 nm lamellae with alternating electron donor and acceptor domains. The resulting solar cell
performance is approximately 3% which clearly outperforms blends of the same component
obtained due to the self-assembly of the block copolymers. Nevertheless, one of the challenges in
controlling the self-assembly of fully conjugated block copolymers is controlling the interplay
between crystallization of the P3HT block and microphase separation between the donor and
acceptor. To this end, we have examined the kinetics of the morphological evolution during two
processes: solution casting and thermal annealing. By using in-situ wide angle and small angle
grazing incidence X-ray scattering to monitor crystallization of the P3HT blocks and microphase
separation between the two blocks, we identify the crucial parameters that are the driving force
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for the formation of the lamellar structure. We find that during film drying, P3HT crystallization
happens on a much faster time scale than phase separation of the two blocks but the
crystallization is significantly suppressed with respect to neat materials, enabling the microphase
separation to proceed at time scales after crystallization of P3HT takes place. This enables the
mesoscale structure to develop during processes such as thermal annealing, because selfassembly of the lamellar structure takes place before the crystallization of P3HT is complete. We
also discover there is competitive crystallization between P3HT and PFTBT. In P3HT-b-PFTBT,
P3HT crystallization dominates while PFTBT crystallization is either delayed or completely
subdue, depending on the volume fraction of P3HT. The overall device performance strongly
depends on the interplay between order phase formation in both P3HT and PFTBT.
To further understand morphology evolution in block copolymer, we employed polarized
resonant soft X-ray scattering (PSOXS) to study the interfacial molecular alignment in P3HT-bPFTBT block copolymer. Using two different batches of block copolymer with different degree
of P3HT crystallization, we found that in block copolymer where P3HT strongly crystallize, it’s
harder to achieve lamellae due to the formation of P3HT crystallites within a kinetically trapped
P3HT and PFTBT amorphous matrix after solvent casting. High thermal annealing is required to
provide enough energy to promote nanoscale phase separation and lamellae formation. However,
the lamellar domains that formed at high temperature are highly-ordered with P3HT crystallites
embedded inside. Here, P3HT chains aligned parallel with respect to lamellae domain interface.
PSOXS also reveals the molecular orientation of P3HT crystallites within the P3HT lamellar
domain. In block copolymer where P3HT crystallization is suppressed, weak P3HT
crystallization allows for easier lamellae formation at low annealing temperature but at the cost
of well-ordered phase separated domains.
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6.2 Controlling P3HT Crystallization in Block Copolymer for Better Morphology
As discussed in earlier chapters, crystallization of P3HT block in P3HT-b-PFTBT plays a
crucial role in dictating the final morphology of block copolymer. The right amount of
crystallization can promote ordered phases within lamellar domains when combined with the
right processing conditions. However, too much P3HT crystallization is harmful for lamellae
formation since crystallization competes with block copolymer microphase separation. One
strategy for controlling P3HT crystallization is to control the amount of homopolymer P3HT in
our block copolymer system since we expect homopolymer P3HT can crystallize easily.
Homopolymer P3HT can be controlled during the synthesis of P3HT by experimenting with the
feed ratio of Grignard to achieve a higher degree of H-Br end group. That will eliminate the
amount of P3HT with Br-Br end group that could combine together during polycondenstation
step. Another method to control P3HT homopolymer is during the synthesis of block copolymer
by experimenting with the feed ratio between fluorene and dithiophene benzothiadiazole
monomers. Figure 6.1a summarizes the strategies discussed here.
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Figure 6.1. a) Strategies for controlling P3HT homopolymer during synthesis process. b)
addition of P3OT during P3HT polymerization to suppress crystallization.

Another strategy is to add a small fraction of poly(3-octylthiophene) (P3OT) into P3HT
polymerization to make random copolymer of P3OT and P3HT. That way, we can suppress
P3HT crystallization without sacrificing too much of electronic properties. It can be done by
synthesizing P3HT and P3OT initiators separately, then inject a small amount of P3OT initiator
into P3HT polymerization to get random copolymers of P3OT and P3HT as shown in Figure
6.1b. The whole product is then added to polycondensation with fluorene and dithiophene
benzothiadiazole monomers.
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6.3 Promoting Long-Range Order in Self-Assembled Structures of Conjugated Block
Copolymer Thin Films.
TEM micrograph of P3HT-b-PFTBT (Figure 6.2a) shows that block copolymer does form
lamellar morphology when combined with the correct processing conditions. However, since
fully conjugated block copolymers are semifexible, these lamellae tend to be short-range and the
ordered length scales are 100 nm or less. As illustrated in Figure 6.2b, short-range orders are
embedded in a matrix with poorly defined interfaces, which could facilitate charge
recombination and hamper charge extraction in solar cells. Further improvement in block
copolymer based solar cell is possible via reducing structural disorder and promoting long-range
order in block copolymer thin films.

Figure 6.2. a) TEM micrographs of P3HT-b-PFTBT showing short-range order of lamellae on
the scale less than 100 nm. b) Schematics of short-range (left) and long-range (right) order in
block copolymer thin films.

Previously, it has been reported that the use of external fields can induce long-range order in
block copolymers thin films1–5. For example, electric fields have been employed to orient
nanoscale lamellae or cylindrical domains in flexible block copolymer films1–3. In diblock
copolymer systems with different dielectric constants for each block, the electric field couples to
the anisotropic shape of lamellar or cylindrical micro-domains and orient the internal interfaces
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parallel to the field direction1,3,4. In system of polystyrene-block-poly(methyl methacrylate) (PSb-PMMA) diblock copolymer, the lamellae (Figure 6.3a) or cylinders (Figure 6.3b) are well
aligned along the direction of the applied electric field.

Figure 6.3. a) TEM micrograph of polystyrene-b- poly(methyl methacrylate) (PS-b-PMMA)
diblock copolymer samples after electric field alignment. The lamellae are aligned parallel to the
applied electric field, E0, direction. b) Top: schematic of electrical field alignment set-up.
Bottom: Cross section TEM image of 700 nm thick PS-b-PMMA films after annealing at 185oC
under 40 V/μm electric field for 16 hours. Scale bar is 100 nm. The cylinders are aligned along
the direction of the electric field1,2.

Beside electric field, magnetic field can also induce alignment of microphase separated block
copolymers contain liquid crystalline or semicrystalline components as well4,5. Figure 6.4 shows
an example of lithium ion conducting poly(ethylene oxide-block-6-(4′-cyanobiphenyl-4-yloxy)hexyl methacrylate) (PEO-b-PMA/CB) block copolymer membranes being aligned by external
magnetic field5. Cyanobiphenyl mesogen forms smectic phase and induces anisotropic
diamagnetic susceptibility, thus allows cylindrical domains to align uniformly in the direction of
magnetic field.
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Figure 6.4. a) Schematic of PEO-b-PMA/CB block copolymer membranes with lithium
conducting poly(ethylene oxide) cylinders aligned in the current flow direction. b) Zoom-in
schematic showing the detailed structure of the polymer. c) Schematic of liquid-crystalline unit
cell with mesogenic backbone residues anchored in the layers transverse to the long axes of PEO
cylinders5.

In organic solar cell applications, the low dielectric constants and subtle differences in
dielectric properties of organic semiconductors may limit the efficacy of electrical field induced
alignment on the active layer. However, magnetic field alignment may be a practical approach to
promote long-range order in fully conjugated P3HT-b-PFTBT as the crystalline P3HT blocks are
highly anisotropic, thus allow orientation alignment by external magnetic field.
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6.4 Multicomponent Block Copolymer for Better Morphology
More exciting possibilities for self-assembly are created by formulating block copolymers
with three or more distinct blocks. For linear triblock copolymer, a large number of architectures
can be accessed. By incorporating more than two blocks, we introduce several new parameters
such as block sequence, composition, interaction parameters, and block molecular weight to
control the final block morphology. Block sequence can play an important role on the
morphologies since phase transition that can be accessed in ABC triblocks may be different from
BAC triblocks. Increasing block complexity also increase the amount of self-assembled
microphase structures. Increasing the number of blocks also increase the minimum requirements
to specify the phase state. For example, in diblocks, χABN and fA are sufficient to identify a point
in the mean-field phase diagram. However, in triblocks, three interaction parameters (χAB, χAC,
χBC,) and two independent composition variables, such as fA and fB, are required to specify the
phase state of ABC triblocks.
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Figure 6.5. Possible morphologies of ABC triblock copolymer6. Microdomains are colored with
the corresponding block shown on top.

This expansion of parameter space is an advantage and also a challenge. It provides more
parameters for morphology control. In semiflexible diblock copolymer, it is almost impossible to
achieve morphologies such as cylinders or gyroids due to the limited phase space and control
parameters. By increasing the amount of blocks, those morphologies can be accessed. However
more control parameters also translate into more experimental challenges. Preparation of such
triblocks would consist of laborious sequence of synthesis, purification, and characterization
steps. Triblocks equilibrium states are also difficult to predict since long-lived metastable states
can be easily produced by solvent casting, precipitation, or thermal annealing. Great effort must
be taken to achieve final morphological states that are independent of processing conditions.
Beside linear design, complex architecture such as graft copolymers can also be employed.
Recent work on the synthesis of graft block copolymers composed of poly(methyl methacrylate)133

b-poly(2-(2-bromopropionyloxy)-ethyl acrylate)-g-polystyrene (PMMA-b-PBPEA-g-PS) shows
that block copolymer with graft architecture can promote vertically oriented cylinder
mesophases7 (Figure 6.6).

Figure 6.6. Schematic of PMMA-b-PBPEA-g-PS (left). Middle: phase separation between the
three blocks and the spreading of PS chains onto substrate surface induces an intrinsic curvature.
Right: vertically oriented cylinders are formed as a result7.

When designing triblock copolymer for organic solar cell application, we must also consider
the energy level alignment between blocks. HOMO and LUMO levels between donor and
acceptor must be properly aligned for efficient charge transfer at interfaces. Ideally, the HOMO
and LUMO levels of the three blocks would form a cascade configuration, as shown in Figure
6.7. This alignment can limit electrons and holes recombination in a single phase due to
favorable energetics for charge separation at interfaces.
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Figure 6.7. Schematic of linear ABC triblock copolymers (top) and ideal energy level diagrams
for each block (bottom).
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6.5 Combination of Near-edge X-Ray Fine Structure (NEXAFS) and Electrical
Characterization of Thin Film Transistors to Quantitatively Study the Extent of Doping.
The effect of doping on electrical properties of organic semiconductor can be
characterized in thin film transistor (TFT) platform. By using a bottom gate bottom contact
geometry and an active layer composed of a mixture of organic semiconductor and polymer
dopant, doping of organic semiconductors can be confirmed by tracking the limit of the off
current as a function of doping concentration. It is expected that the off current in TFT
measurement will increase as a function of increasing polymer dopant concentration (Figure 6.8).
However, in TFT, charge transport only takes place in the 1-2 nm region near the dielectric
interface and the composition in this region of the active layer may be different from the rest of
the bulk film due to surface effects. To further characterize the composition of the active layer
responsible for charge transport in TFT, NEXAFS measurements will be employed.
Delamination will be used to expose the volume of the active layer critical for charge transport in
TFT, then from NEXAFS, the composition of the layer can be characterized to determine the
dopant concentration specifically at the bottom of the film.

Figure 6.8. Transfer characteristic of P3HT and P3HT mixed with PSU super acid and SPS.

136

6.6 Characterize and Control the Morphology of the Photoactive Layer Near the ElectrodeSemiconductor Interface to Maximize the Performance of Interfacial-Doped Organic
Photovoltaics.
Creating ohmic contact at the electrode-semiconductor interface in OPV devices is not
sufficient to ensure efficient charge extraction. In addition, the vertical morphology must be
arranged in such a way that is favorable for both electrons and holes to travel unrestricted from
the active layer to the corresponding cathode and anode. Therefore, if the electron donor wets the
cathode and/or the electron acceptor wets the anode, they can act as barrier limiting charge
transport. On the other hand, if the appropriate phase wets each electrode and creates a donor
rich anode and acceptor rich cathode, then morphological barriers is minimized and charge
extraction is promoted. As a result, it is critical to characterize and control the morphology near
the electrode interfaces and we will combine doping studies with morphological studies to fully
explore the electronic and structural aspects of doped contacts in organic solar cells.

Figure 6.9. Schematic of OPV active layer emphasizing wetting layers. Blue represents electron
acceptor and red is electron donor. a) the electron donor wets the anode and acceptor wets the
cathode; shunt paths are minimized. b) the reverse of case a; holes are blocked from anode and
electrons from cathode.

The introduction of a thin polymer dopant between the electrode and organic
semiconductor could modify surface properties and may affect the vertical composition profile in
the active layer. Our strategy to characterize the vertical morphology of OPVs devices is to
utilize elemental mapping in combination with shadow focused ion beam (FIB) method to reveal
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insight into the vertical profile. In order to prevent damage to the active layer film, we propose to
employ the cryogenic focused ion beam in the shadow FIB geometry to generate cross sections
of devices. Energy filtered TEM is then used to map the elemental composition and measure the
composition profile as a function of depth. That will allow us to systematically characterize the
effect of dopant layer on the vertical composition profile of organic semiconductor mixtures. We
will also characterize the vertical composition profile as function of annealing temperature since
most state of the art devices today rely on thermal annealing to optimize morphology.

By tuning the chemical composition of the polymer dopants, we can control the vertical
phase separation. For example, the addition of thiophene moieties to polymer p-type dopant
would promote attractive interaction between P3HT and polymer dopant, thus would results in
the donor wetting of the anode layer. On the other hand, carboxylic acid functional group can be
added to n-type polymer dopant to promote attractive interactions with PCBM.
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Appendix A: Supporting Information for
Miscibility and acid strength govern contact doping of organic photovoltaics with strong
polyelectrolytes
1. pKa of polyelectrolyte pendant acid groups
The pKa of different pendant acid groups used in this study are presented in Table A1.
Perfluorosulfonic acid is the strongest acid group with a pKa of -14 while sulfonic acid is the
weakest pendant acid group with a pKa of -6.5 in water.
Table A1. pKa of different pendant acid groups used
in this study
Pendant acid group
pKa in water
Sulfonic acid (SO3H)

-6.51

Trifluoromethane sulfonamide
(SO2NHSO2CF3)

-11.92

Perfluorosulfonic acid
(CF2CF2SO3H)

-143

2. Ion exchange capacity and degree of functionalization of polyelectrolytes
The degree of functionalization per repeat unit of the polyelectrolytes and the
corresponding ion exchange capacity (IEC) was determined using 1H-NMR (Bruker-Spectrospin,
400 MHz) and is shown in Table A2. We label samples with the dopant family acronym and the
IEC, as described in the main text.
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Table A2. Number of acid groups (degree of functionalization per polymer repeat unit)
and IEC for each polyelectrolyte used in this study
Dopant family
IEC (mmol/g)
Degree of functionalization
(per monomer)
0.5
0.21
SPS
1.3
0.58
1.8
0.82
2.2
1.1
3.1
1.6
1.3
0.9
PSU
1.5
1.1
1.6
1.3
0.69
0.10
PPO SA
1.2
0.20
PPO SI
2.0
0.40

3. Thickness of polyelectrolyte doping layers measured by spectroscopic ellipsometry
Figure A1 shows the thickness of different polyelectrolytes from spectroscopic
ellipsometry. All polyelectrolytes were spun cast from a 4:1 by volume chloroform:methanol
solution with a concentration of 0.1 mg/mL, which is the same solvent condition employed in
photovoltaic device fabrication. Substrates used were Si wafers to avoid problems associated
with measuring thickness of thin polymer films on rough ITO surfaces. Compared to
PEDOT:PSS, polyelectrolytes films are significantly thinner.
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Figure A1. Thickness of different interfacial layers determined by spectroscopic ellipsometry.
Polymeric dopants were spin coated onto silicon wafer substrates at optimal conditions for OPV
devices.

4. UV-vis spectra of polyelectrolytes layers
Figure A2 shows the UV-vis absorption spectra of different polyelectrolytes and
PEDOT:PSS. Polyelectrolytes at a concentration of 0.1 mg/mL in 4:1 chloroform:methanol by
volume were spun onto ITO-coated glass substrates. The thicknesses of the layers are given in
Figure S1. The absorption of the polyelectrolyte layers is negligible above 400 nm. Optical
absorption was measured using a Perkin Elmer Lambda 950 UV-vis NIR spectrometer.
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Figure A2. UV-vis absorption spectra of different polyelectrolyte layers and PEDOT:PSS
(PEDOT. Different materials were spin coated on ITO glass substrates at optimal conditions for
OPV devices.

5. Work function modification due to deposition of polyelectrolytes
We measured the surface potentials of our thin polyelectrolyte layers deposited on ITO
by PeakForce tapping Kelvin probe force microscopy on a Bruker Icon AFM. As shown in
Figure A3, the surface potentials, which we take as measures of work functions, are similar to
the surface potential of ITO. The minimal changes in the electrode work function suggest that
our polyelectrolytes are not well suited for work function modification of the anode, and that the
changes in the work function of the electrode have minimal impact on solar cell performance.
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Figure A3. Change in electrode work function (WF) due to the deposition of various
polyelectrolytes on ITO measured from Kelvin probe force microscopy.

6. GIWAXS and GISAXS of active layers deposited on polyelectrolytes
Films of the active layer were prepared using the conditions for solar cell device
fabrication described in the Materials and Methods section of the main text.

Films were

deposited onto ITO-coated glass substrates that were bare, coated with polyelectrolytes, or
coated with PEDOT:PSS. Grazing incidence wide angle and small angle X-ray scattering
(GIWAXS/GISAXS) experiments were conducted at beamline 7.3.3 of the Advanced Light
Source in Lawrence Berkeley National Laboratory.
Figure A4 shows GIWAXS data from P3HT/PCBM films on bare ITO and ITO coated
with either polyelectrolytes or PEDOT:PSS. All samples were annealed at 110⁰C for 10 minutes
similar to OPV fabrication process. Although some background scattering is apparent from the
ITO substrates, it appears that the crystallization of P3HT is similar on either ITO, PEDOT:PSS
or polyelectrolyte-coated ITO.
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Figure A4. GIWAXS data for P3HT/PCBM films on top of bare ITO substrates and ITO coated
with either PSU(1.3), PPO SA(0.69), SPS(2.2), PPO SI(2.0) or PEDOT:PSS. Thicknesses of
PEDOT:PSS and polyelectrolyte layers are given in Figure A1.

In-plane line cuts from GIWAXS data shown in Figure A4 can be found in Figure A5a.
The (100) and (010) peaks for P3HT (0.4 and 1.65 Å-1, respectively) and a broad peak for PCBM
near 1.3 Å-1 are clearly visible. From the similar scattering profiles we conclude that the
crystallization of P3HT is similar for all samples. GISAXS profiles can be found in Figure A5b.
In all cases, a shoulder corresponding to about 20 nm features is apparent, and is also
approximately independent of the substrate. We thus conclude that the active layer morphology
is similar for P3HT/PCBM films cast on bare ITO, ITO coated with polyelectrolytes, and
PEDOT:PSS.
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Figure A5. (a) In-plane line cuts of GIWAXS data shown in Figure A3 for P3HT/PCBM films
cast on either PEDOT:PSS, ITO, or ITO coated with polyelectrolytes. (b) In-plane GISAXS data
for P3HT/PCBM films cast on PEDOT:PSS, ITO, or ITO coated with polyelectrolytes. GISAXS
intensities are offset for clarity.

7. Spatial distribution of the squared optical electric-field strength in solar cells
Figure A6 shows the spatial distribution of the squared optical electric-field strength
inside devices composed of (a) glass (1 mm)/ITO (84 nm)/PEDOT:PSS (80 nm)/active layer
(218 nm)/aluminum (75 nm) and (b) glass (1 mm)/ITO (84 nm)/active layer (218 nm)/aluminum
(75 nm). The electric field was normalized to the intensity of incidence light. The photon
wavelength is 375 nm. Data were calculated using software developed by the McGehee group. 4,5
The spatial distribution of the optical electric-field is similar for both cases at wavelengths where
PCBM absorption is dominant.

The complex refractive indices n and k of glass, ITO,

PEDOT:PSS, P3HT/PCBM active layer, and aluminum were determined from variable angle
spectroscopic ellipsometry.
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Figure A6. Spatial distribution of the squared optical electric-field strength inside devices with
structure of (a) glass (1 mm)/ITO (84 nm)/PEDOT:PSS (80 nm)/active layer (218 nm)/aluminum
(75 nm) and (b) glass (1 mm)/ITO (84 nm)/active layer (218 nm)/aluminum (75 nm) for an
incident wavelength of 375 nm.

8. Calculating carrier density and charge per thiophene ring in P3HT
Carrier densities in doped P3HT were calculated using the absorption coefficient of
P3HT doped with various polyelectrolytes and the absorption cross section of the polaron band at
1.3 eV, which was previously determined to be 5.5 x 10-17 cm2/charge.6 The carrier density is the
corresponding absorption coefficient divided by the absorption cross section. Charges per P3HT
thiophene rings were calculated by dividing carrier density by the density of thiophene rings,
assuming a mass density for P3HT of 1.10 g/cm3. Table S3 summarizes the carrier densities as
well as charges per thiophene ring for P3HT films doped with various polyelectrolytes used in
this study. Two different architectures were used; P3HT and the polyelectrolyte were mixed or
were cast sequentially, as a bilayer. As such, to estimate the carrier density within the doped
region, we need to estimate the effective interaction volume for samples with a bilayer
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architecture. Using SPS(2.2), we find the ratio of the number of charges estimated from mixed
films versus from bilayers. Because we believe that mixtures of SPS(2.2) and P3HT are well
mixed, the polaron peak intensities between these two samples should only differ due to
differences in the interaction volume.

We thus estimate the interaction volume in bilayer

samples of SPS(2.2) to be 5 nm. Assuming the interaction volume is 5 nm for all bilayer
samples, we estimate the carrier density in Table 1 of the main text and the fourth column of
Table A3.

Table A3. Carrier densities and charges per thiophene ring in P3HT films doped with various
polymer acids
Carrier density, assuming
Dopant/P3HT Carrier density
Charges per
Dopant
5 nm interaction volume
3
architecture
(charges/cm )
thiophene ring
(charges/cm3)
SPS (1.3)
Bilayer
2.1 x 1018
4.2 x 1019
0.011*
19
20
SPS (2.2)
Bilayer
1.2 x 10
2.4 x 10
0.060*
SPS (2.2)
Mixed
2.4 x 1020
-0.061
18
19
SPS (3.1)
Bilayer
4.4 x 10
8.7 x 10
0.020*
19
20
PSU (1.3)
Bilayer
3.4 x 10
6.9 x 10
0.17*
19
PSU (1.3)
Mixed
5.5 x 10
-0.014
19
20
PPO SA (0.69)
Bilayer
1.4 x 10
2.7 x 10
0.068*
19
20
PPO SI (2.0)
Bilayer
1.0 x 10
2.0 x 10
0.051*
*
Assuming a 5 nm interaction volume

9. Quantifying fluorescence microscopy intensities
Histograms of the fluorescence microscopy images shown in Figure 5 of the main text are
shown in Figure A7. Data from three different images for each sample are averaged to generate
the histograms. The broad and multi-modal intensity distribution for mixtures of P3HT and
PSU(1.3) suggests strong phase separation. The low intensities of the histogram for P3HT mixed
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with SPS(2.2) suggests quenching of the P3HT fluorescence by the polyelectrolyte. P3HT
SPS(1.3) and SPS(3.1) are not as effective in quenching the fluorescence of P3HT (Table A4).
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Figure A7. Histograms of image intensities of fluorescence micrographs of P3HT mixed with
SPS(1.3), SPS(2.2), SPS(3.1) and PSU(1.3). Histograms are generated from intensities of three
images for each sample.

Table A4. Average full width at half max (FWHM) and average intensity for the intensity
distribution of fluorescence micrographs of P3HT mixed with SPS(1.3), SPS(2.2), SPS(3.1) and
PSU(1.3). Data were averaged over three micrographs.
Interfacial
SPS(1.3)
SPS(2.2)
SPS(3.1)
PSU(1.3)
layer
Avg. FWHM
163 ± 15
63 ± 6
429 ± 38
1079 ± 120
Avg. intensity

2590 ± 200

365 ± 1

4940 ± 1280

4970 ± 1280

10. Solar cell devices with PSS as the anodic interlayer
Devices incorporating poly(styrene sulfonate) (PSS) and (PSSE) (Figure A9) at the
anode were fabricated using the same protocols as other devices reported here. The synthesis of
sulfonated polystyrene is described in detail in ref 7. Both PSS and PSSE used in this study have
degree of functionalization per monomer equal to 1.0 (PSS has an IEC of 5.45 mmol/g while
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PSSE has an IEC of 0 due to the protected ethyl group). Devices incorporating PSS and PSSE in
general performed poorly, worse than bare-ITO devices, as shown in Figure A7 and Table A5.
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Figure A8. Current density versus bias voltage for P3HT/PCBM solar cells with either
PEDOT:PSS, PSS, PSSE or bare ITO at the anode (a) under illumination and (b) in the dark.
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Figure A9. Chemical structure of (a) PSS and (b) PSSE.

Table A5. Device characteristics for P3HT/PCBM solar cells incorporating bare ITO,
PEDOT:PSS, PSS or PSSE at the anode
PCE(%)
Jsc (mA/cm2)
Interfacial layer
Voc (V)
Fill Factor
Bare ITO

0.16 ± 0.02

1.52 ± 0.05

0.32 ± 0.02

0.32 ± 0.01

PEDOT:PSS

2.54 ± 0.10

7.83 ± 0.25

0.58 ± 0.01

0.54 ± 0.01

PSS

0.083 ± 0.013

2.43 ± 0.20

0.20 ± 0.03

0.16 ± 0.01

PSSE

0.086 ± 0.011

2.19 ± 0.19

0.19 ± 0.02

0.20 ± 0.01
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Appendix B. Supporting Information for Fully Conjugated Block Copolymer

Intensity (a.u.)

Figure B1. GPC of polymers used in this study. (a) P3HT, (b) YL2061, (c) YL1193, and (d)
YL1105. YL2061, YL1193, and YL1105 are P3HT-b-PFTBT copolymer. Characteristics of
these materials are listed in Table 1.
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Figure B2. P3HT (100) peaks and solvent peak vs time for in-situ slot-die coating. Sample was
P3HT in mixture of 80% chloroform and 20% dichlorobenzene.
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Figure B3. Soft X-ray scattering profiles of YL2061 (φP3HT= 0.40) (a) and YL1105 (φP3HT=
0.22) (b).
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