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ABSTRACT OF THE DISSERTATION
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University of California, Los Angeles, 2014

Professor Yang Yang, Chair

The performance of bulk heterojunction polymer solar cells is profoundly influenced by
the spatial arrangements of microstructure at various length scales in its photo-active layer,
referred to as morphology. Due to their complex chemical structures, polymers usually exhibits
low crystallinity and carrier mobility, leading to a limited thickness ~100 nm of the active layer
for a typical polymer solar cell. Such thin films are incompatible with the prevailing large-area
coating techniques, thus increasing the difficulty to realize the high-throughput production of
polymer-based photovoltaics in industry. On the other hand, for most high-performance low-

band-gap polymers, during their film-casting process, processing solvent additives are usually



essential for morphology optimization, which help boost device efficiency. However, most
commonly-used solvent additives such as 1, 8-Diiodooctane (DIO), are disturbingly reactive to
oxygen or water in air, leading to deteriorated performance of devices made under the ambient
environment. Therefore, fabrication processes involving DIO have to be limited to an air-free
environment, which is quite unfavorable for large-area fabrication techniques, as majority of
them are carried on under the ambient environment. Therefore, an efficient air-stable solvent
additive would be greatly appreciated in terms of OPV industrialization. As a result, in order to
achieve thick active layers as well as to find an air-stable alternative additive for industrial

applications, a thorough and systematic study on morphology is necessitated.

First, via rational modification of polymer chemical structure(fine-tuning on side chains),
new polymers with enhanced structure order (e.g., crystallite size increases from 35 A to 53 A)
and higher hole mobility (from ~10° to ~10 cm?/(V s)) are obtained, enabling thicker optimum
active layers ~200 nm with a larger thickness tolerance up to ~350 nm for the corresponding
bulk heterojunction devices. This result is of great potential for relaxing the required level of
precision in active layer thickness, which has important industrial implications for large-area

film deposition.

Second, through examining those solvents with a great potential to satisfy the criteria for
efficient additives, a new efficient air-stable solvent additive —1,2-dichlorobenzene (DCB) was
successfully found for the Diketopyrrolopyrrole-based narrow bandgap polymer under
investigation in this work, with a much larger working operation window (up to 80%) and higher
device efficiency than DIO. The reason for improved performance lies in higher hole mobility

due to polymer crystallinity enhancement in films cast from solution processed by both additives,


http://en.wikipedia.org/wiki/Square_centimetre
http://en.wikipedia.org/wiki/Volt
http://en.wikipedia.org/wiki/Second

as demonstrated by Transmission Electron Microscopy (TEM), photoluminescence (PL) and
Grazing Incident Wide Angle X-ray Scattering (GIWAXS) results. Small Angle Neutron
Scattering (SANS) and UV-visible absorption spectroscopy were also conducted on polymer
structures in solution, and their results revealed a novel working mechanism of DCB for
morphology control, which involves the modified solution-stage polymer conformations due to
the polymer-additive interaction. Upon incorporating DCB into blend solution, the resultant
polymer configurations in solution would have a high tendency to preserve into crystalline
regions in the as-cast films and this unique way of tuning thin-film morphology via altering
polymer conformations in solution has established a new guide for future additive selection in

other polymer systems.

Results of this manuscript will resolve the current obstacle for high-throughput process in
industry and should be of great potential to contribute to practical OPV applications in the near

future.
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Chapter 1 Introduction

1.1 Polymer solar cells

Statics by the US Energy Information Administration show that the total world power
consumption is ~ 10" Watts in 2013 and is expected to reach ~ 10* Watts in the next few years,
due to the rapid population growth and industrial development at current stage.!”! However, such
a high demand in energy has been exerting a tremendous pressure on those convention energy
sources, such as coal and gas, the limited storage of which has caused world energy crisis since
the last decade. On the other hand, in average a year, the total power received by the earth from
the sun is ~ 10*" Watts. Such a promising amount of solar energy, if utilized efficiently, would

greatly relieve the global energy crisis , which is a major issue humans are confronting.

Solar cell devices, which convert electricity directly from sunlight, have been extensively
studied since their invention in 1953.1) Currently, a variety of different types of solar cells are
under investigations for future applications, among them are various inorganic material-based
PV devices, such as single crystal and amorphous semiconductor devices, 111-V multi-junctions,
polycrystalline alloy thin-films, and quantum dot nanotechnology.”®! However, due to their
extremely high demand in material purity and crystallinity, the acquisition of these inorganic
semiconductors usually requires a complex and multiple-step purification process, which

increases production costs and causes environmental issues.”

Due to the issues mentioned above, there is a growing attention to developing organic-

based PV technology, which is of relatively low-cost and environmental friendly. In particular,



polymer solar cells have been developing at a fantastic rate over the past few years, with the

highest reported power conversion efficiency (PCE) reaching over 10% (Figure.1.1).!!
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Figure 1.1 Research Cell Efficiency Records by National Renewable Energy Laboratory (NREL) [

In addition, polymer solar cells exhibit unique advantages. First, solution processability of
polymers enables high-throughput printing techniques, which greatly enhances fabrication rate
and lowers production cost. Second, polymer-based cells are light-weighted, suitable for portable
devices. Third, their compatibility with flexible substrates exhibits a broad range of applications.
Last but not least, the photo-electronic properties of polymer cells are tunable through rational

molecular design. ["


http://www.nrel.gov/pv/

Organic Photovoltaic (OPV) dates back to 1979, when donor—acceptor heterojunctions
were invented by Tang et al, who achieved power-conversion efficiencies (PCEs) ~ 1%.5! Since
then, polymer solar cells have become a popular research topic and their efficiency has risen at a
swift pace: In 2005, Yang’s group at UCLA proposed a novel solvent annealing method, which
achieved a then-world record power conversion efficiency (PCE) of over 4% on devices made
from the poly-thiophene derivative P3HT, certified by National Renewable Energy Laboratory
(NREL).[®! In 2012, the same group successfully built a tandem polymer solar cell with certified

efficiency over 10% and this milestone has kept its leading role in OPV field since then.[

Despite the prominent accomplishments achieved, at this stage, polymer solar cells still
suffer from relatively low device efficiencies and stabilities.”™ Tremendous efforts are needed to
address these issues before they can be considered equally competitive to their inorganic

counterparts.

1.2 Working mechanism for polymer solar cells
One major difference between organic and inorganic semiconductor materials is the

properties of their excitons, as shown in Figure 1.2.
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Figure 1.2 Comparison of exciton properties between inorganic/organic semiconductors

When photons are absorbed, their energy promotes an electron from the ground to an
excited state, leaving a hole in the ground states. Generated electron and hole are bounded
together by the Coulomb force. One such correlated electron-hole pair is referred to as an exciton.
For inorganic semiconductors with a dielectric constant over 10, the radius of electron-hole pairs
is of ~100 A. This kind of excitons is called Wannier excitons, and their binding energy usually
lies in the range of tens of meV. Such an amount of energy is easily overcome by lattice
oscillations driven by thermal energy, which is usually ~26 meV in ambient environment.
Therefore, inorganic excitons can be easily dissociated into free electrons and holes for current

generation. For organic materials whose dielectric constant is between 2-4, the electrons and
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holes are bound tightly within the radius ~ 10 A and the corresponding electron-hole pairs are
referred to as Frankel excitions. Their exciton binding energy can be as much as ~0.3 eV or even
higher, which necessitates an extra driving force to efficiently split these excitons into mobile

carriers. ¥

This problem can be addressed by blending two materials with different energy levels. One
is called the donor, such as MEH-PPV and poly-thiophene derivatives, P3HT, whose structures

are shown in Figure1.3. !

—0 n
MEH-PPV P3HT

Figure 1.3 Chemical structures of firstly discovered donors ™%

The other component is called the acceptor, which are mostly fullerene derivatives, such as

PCBM, bis-PCBM, ICBA etc, shown in Figure 1.4.1*4



[12]

Figure 1.4 Chemical structures of typical acceptors

Their difference in electron affinity provides a sufficient driving force for exciton
dissociation. First, excitons are created within donor phases, and then they diffuse through the
donor matrix towards the boundary. Once reaching the donor / acceptor interface, excitons
dissociate into mobile electrons and holes. Separately, holes travel through the donor phase and
electrons go through the acceptor phase to be collected at their respective electrodes. This

photocurrent generation process is schematically illustrated in Figure 1.5
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Figurel.5 Photocurrent generation process ™

A complete photocurrent generation process is composed of four intermediate steps, and
the product of each step’s efficiency determines the total current value, as illustrated in Figure
1.6.1% Jsc is determined by the product of the efficiency of each step, including: light absorption
efficiency, exciton diffusion efficiency, charge separation efficiency and charge collection
efficiency. In order to achieve as high a photocurrent as possible, all four parameters need to be

optimized simultaneously, and this will be discussed in detail in Section 1.4.1.
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Figurel.6 Split of Jsc into the product of efficiency of four intermediate steps

However, after generation of mobile electrons and holes, during their migration towards
respective electrodes, recombination between them would prevent efficient charge collection at
the electrode, and this is one critical obstacle for reaching high solar cell efficiency. The degree
of recombination is closely correlated with the recombination mechanisms. For a typical polymer

solar cell, there are four major recombination mechanisms, which are presented in Figure 1.7. ]
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Figure 1.7 Different types of recombination mechanisms in polymer solar cells ™

Generally speaking, recombination mechanisms are distinguished by their recombination
order. First-order mechanisms are proportional to the free carrier concentration, while second-
order recombination is determined by the square of the free carrier concentration.[”” Geminate
recombination (Figure 1.7a) happens when the Charge-Transfer (CT) state recombines before

being dissociated into free electrons and holes and it is a first order mechanism.™! Mobile free
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carrier (Langevin) recombination (Figure 1.7b) involves the annihilation of mobile electrons and
holes, ™! and thus is a second-order process. Recombination involving the localized states
(Figure 1.7c), which occurs between a mobile hole and a trapped electron, % is an important
mechanism strongly dependent on the deep state density. Reverse diffusion to the contact
(Figure 1.7d) is the recombination that takes place when an exciton dissociates in vicinity of the
electrodes, and a “wrong” carrier diffuses in the opposite direction to the internal field and
recombines at the electrode. 1 This situation is usually rare, but can become dominant in the

absence of other mechanismes.

During the process when the film is cast from solution, donors and acceptors can phase-
separate into a binary interpenetrating network, which is referred to as bulk heterojunction (BHJ),
shown in Figure 1.8.° Efficient exciton dissociation occurs in bulk heterojunctin , where a large

donor/acceptor interface is created throughout the film.

10
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Figure 1.8 Donor & Acceptor Bulk heterojunction structures !

1.3 Device performance measurement

1.3.1 J-V measurement

Ideally, photovoltaic devices behave like diodes, with dark current/voltage (J/V) curves
following the Shockley equation; in the dark in the reverse bias direction, little current flows.
While in the forward bias direction, the current increases exponentially with applied voltage. [*®
When the OPV (diode) is illuminated, the J/V curve is ideally shifted down at all potentials by
the magnitude of Js, the short-circuit photocurrent. It is in the third quadrant of the J/V curve
(see Figure 1.9) where power can be generated in an external load. This is demonstrated in

Figure 1.9.
11
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Figure 1.9 Photo I-V curves and related parameters for a typical polymer solar cell

The maximum power obtainable from an ideal OPV is the product of Js. and the "open-
circuit" photovoltage V. (the voltage obtained for this device at zero current) (Pieory = Jsc*Voc)-
Real OPVs, however, generate substantially less power, which occurs where real current/voltage
products reach their maximum value: Pmax = Jmax®*Vmax- The power conversion efficiency is then
defined: (Pmax/Psolar) *FF, where Pgy4 1S the power from the illumination source (sun) and FF is

the "fill factor" defined as Prax/Pieory. ™
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1.3.2 External Quantum Efficiency (EQE)
The External Quantum Efficiency (EQE) is defined as the ratio of the number of charge

carriers collected by a solar cell, to the number of incident photons of a given energy, as shown

in Figure 1.10.
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Figure 1.10 External Quantum Efficiency

EQE measurements provide information on the amount of current that the cell will produce
when irradiated by photons of a particular wavelength. The Jg is equal to the integral of the EQE
over the range of wavelengths with photoresponse, and is thus a product of the cell’s responsivity
[20]

and the incident solar spectral irradiance.
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As a result, the EQE is correlated with both the material’s absorption spectrum and the
device internal quantum efficiency. The first of these depends on intrinsic properties of polymers,
such as the band gap and energy level. Polymers whose absorption spectrums match well with
the solar spectrum will exhibit high absorption coefficients and produce large numbers of excited
states, exhibiting high light absorption efficiency. Figure 1.11 shows a comparison between solar
spectrum and the photoresponse of a P3HT: PCBM solar cell. As observed, P3HT-based devices
can only absorb photons up to 650 nm and this limits its current to only ~10 mA/cm?. As a resullt,
low-band-gap (generally smaller than 2 V) polymers whose absorption range extends into the

infrared region compose the majority of high performance materials. (2!
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Figure 1.11 Solar spectrums vs. photo response of a P3HT: PCBM solar cell
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EQE is also influenced by internal quantum efficiency (IQE), defined as the ratio of the
number of charge carriers collected by the solar cell to the number of photons of a given energy
that shine on the solar cell from outside and are absorbed by the cell. IQE is mostly dependent on
how well mobile carriers are collected at the electrode and its value is strongly morphology-

related, which will be discussed later in Section 1.4.

Another thing worthy of noting is that the external quantum efficiency of a solar cell
includes the effect of optical losses such as transmission and reflection, which makes the device

performance interpretation more complicated. %%

Recent studies have been focused on multiple exciton generation (MEG), through which
EQE greater than 100% may be achieved when the incident photons have more than twice
the band gap energy, creating two or more electron-hole pairs per incident photon.[® The details

of MEG are beyond the discussion in this work.

1.4 Morphology in bulk heterojunction polymer solar cells

1.4.1 Criteria for optimum morphology
The spatial arrangements of donor & acceptor phases at various length scales are referred
to as morphology, which has a profound influence on device performance, as illustrated in Figure

1.12:
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Figure 1.12 Requirements for desired morphology in PSCs

First, the thickness of the active-layer determines how many chromophores are there for
light absorption. As polymers usually possess high absorption coefficients in the range of 10* to
10° /em,™*! for a typical device with a weight ratio of 1:2 between polymer and fullerenes, ~100
nm’s thickness will be good for efficient absorption. Even though thicker film is strongly desired
in terms of absorption, active-layers of typical polymer solar cells could only achieve the

thickness of ~100 nm, and the reason will be discussed in the following paragraphs.

Second, excitons have a diffusion length ~ 10 nm; this requires the polymer phase to be

less than 20 nm in any dimension. Beyond that, excitons will recombine and give rise to

16



photoluminescence (PL) instead of separating into conductive electron and holes. As a result,

donor domains should be kept at a proper size to assure efficient exciton dissociation. &

Third, a vast quantity of interface area is desired for efficient exciton dissociation,
necessitating a large degree of phase-separation between the donor and acceptor phases. This is
relatively easy to achieve in BHJs, as they naturally possess large quantity of interface areas.
However, too many heterojunctions will disturb the completeness of one-component-rich
domains, affecting carriers’ transport inside the single-phase matrix. Therefore, a proper degree
of phase-separation with a balance between exciton dissociation and carrier transport will be

greatly appreciated.

Last but most importantly, in order to obtain high charge collection efficiency, a percolated
continuous pathway is needed for both materials, as well as a large degree of structured-order to
ensure high carrier mobility. However, due to their complex molecular structure, polymers
usually forms domains with low crystallinity and a large density of defects, which increases the
probability of carrier scattering or recombination, giving rise to a low carrier mobility. As a
result, the active layer usually lies within a thickness of ~100 nm for a balance between carrier

transport and absorption. %!

In addition, vertical segregations of donor and acceptor phases also have an effect on
carrier transport, and this leads to the devices’ preference on certain electrode materials over

others, justifying the advantages of inverted device structures over regular ones. %°!
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1.4.2 Morphology characterization techniques for PSCs

1.4.2.1 Phase & domain separation

The degree of phase-separation can be characterized through techniques with resolutions of
a few tens of nanometers, such as atomic force microscopy (AFM), scanning electron
microscopy (SEM), and transmission electron microscopy (TEM). Figure 1.101" shows images
obtained by these techniques conducted on a typical PSC active layer. Images acquired via these
techniques usually exhibit two-dimensional features composed of binary phase-separations, the
contrast of whom would be severely affected by the film thickness and surface purity. This leads
to the uncertainty in data interpretation and the difficulty in linking morphology to device
performances. As a result, techniques listed above could be used as complementary tools to
support those more direct and convincing characterization techniques, such as X-rays and

Neutrons analysis, which will be discussed in next section.
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Figure 1.13" (a) AFM images of the MDMO-PPV: PCBM films cast from toluene and (b) CB. (c)
SEM cross-section views of the MDMO-PPV: PC¢BM films casted from toluene and (d) from CB.
(e) AFM phase image of high crystalline P3HT:PC¢BM films achieved using solvent annealing and
(f) additive approaches. (g) BF-TEM images of PTB-7:PCsBM film casted using CB as major
solvent with and (h) without DIO as additive. Polymer molecular orientation and domain

crystallinity characterization

1.4.2.2 Molecular orientation & Packing manner

Currently, Grazing-incident Wide Angle X-ray Scattering (GIWAXS) is among the well-
received techniques for investigating the details of polymer orientation and crystalline structure
in thin films. Low crystallinity of most polymers applied in OPV requires a synchrotron beam
line with a high energy and well collimated X-rays.[?® The incident X-rays are set at the grazing
angle to enhance surface scattering intensity and maximize signal to noise ratio to accurately

access structures at molecular level.

There are two types of polymer packing manner, referred to as face-on and edge-on, as
shown in Figure 1.14. A plane formed by the backbones of polymer (main chain) is called a -
plane, who can be stacked over one another. When r-planes are placed vertically to the substrate,
it is called an edge-on stacking orientation. In comparison, when n-planes are parallel to the
substrate, they are stacked in a face-on orientation. For most low-band-gap polymers with
relatively complex chemical structures, face-on is the dominating packing manner and the extent
of packing determines carrier mobility.””* In a 2-D GIWAXS profile, spacing between
lamellar edges leads to (n00) reflections and spacing between m-planes gives rise to (0On0)

reflections, as shown in Figure 1.14. Orientations of polymer crystallites with respect to the
19



substrate can be identified from the distributions of peak position and intensity between (n00)

and (0n0) reflections. 2]
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Figure 1.14 Characterizations of Polymer packing orientation and domain crystallinity by

GIWAXS

When blending with fullerene molecules, usually polymer packing order would be
disrupted to a certain degree, which introduces twists and bends to polymer domains. This leads
to difficulties and uncertainties in precisely assessing polymer packing and crystallinity within a

BHJ, and solutions to this issue will be elaborated in section 2.3.4.
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1.5 Methodology for morphology control
The achievements of device performance optimization have been realized through
chemical structure modification on donors and acceptors?&?1% improvement in active-layer

s34 interfacial morphology control®I937 and device structure

processing method
engineering.BF8FI40 | the following paragraphs, a detailed discussion on rational engineering

of chemical structure modification and processing additive selection is given.

1.5.1 Materials design

Innovations in materials science have provided efficient a variety of efficient ways to
achieve the desired morphology. As films are cast through solution processing, the solute-solvent
interactions based on their respective functional groups would have a substantial impact on the
morphology in the resultant films, such as the degree of phase-separation and domain purities.
As a result, morphology is tunable through modifications on the molecular structures of both

donors and acceptors, ¥ which will be discussed in section 1.5.1.1 and 1.5.1.2.

1.5.1.1 Donor materials

Over the past ten years, a couple of synthetic rules have been applied to donors and have
successfully achieved morphology favorable for device performance.[”? These strategies include :
adopt alternating electron-rich (donor) and electron-deficient (acceptor) units to form D-A co-
polymers on the main chain for lowering band-gap purposes; search for conjugated units who
possess stabled quinoid resonance structure; modify the backbone chemical structures with

strong electron withdrawing functional groups such as carbonyl or fluorine atoms; finely-tune the
21



aliphatic alkyl side chains to change the solubility.***%! The way how modifications of structure
promote the formation of desired morphology is illustrated in the literature.*14213 Figure 1.15
shows some donor compounds synthesized following the rules mentioned above, who have been

demonstrated to achieve the preferred morphology in terms of efficiency. ["
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Figure 1.15 Chemical structures of some high performance donor materials "
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1.5.1.2 Acceptor materials

Investigations on acceptor chemical structure have also been conducted at a large scale
over the past years. In 1995, a soluble Cgo derivative PCgBM (synthesized by Wudl et al.) was
used as an acceptor and blended with a conjugated polymer donor by Heeger et al.**! Since then,
PCs1BM and its corresponding Cyo derivative PC71BM (first reported by Janssen et al.) have been
widely utilized in BHJ OPV devices and achieved excellent performance. Although chemists
have been trying hard in search of alternative acceptors, including chemical modifications on
structures of both fullerene derivatives and non-fullerenes, at this stage PC¢BM/PC7:BM is still

the best acceptors for most low-band-gap polymers.

Length, shape and size of side chains on bulky balls would have effects on spatial
arrangements of PCBM molecules within acceptor phases and at donor-acceptor interfaces.’*
During the film casting process, PCBM’s side chains would affect both PCBM-polymer and
PCBM-solvent interactions strongly in the solution, leading to differences in size and purities of
fullerene domains in the as-deposited thin film. As a result, majority of the chemical
modifications on PCBM molecules are focused on side-chain tuning.*? Figure 1.16!" shows
some acceptors materials with excellent processing properties, who are of a great potential to

achieve the desired morphology for high-performance devices.
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Figure 1.16 Chemical structures of some high performance n-type materials including fullerene and

non-fullerenes derivatives

1.5.2 Processing engineering

Thermal annealing % and solvent annealing **! are among the most commonly used
processing methods for morphology optimization. Other approaches, such as co-solvent [°! [4¢]
and processing additives ! have also been well-received by different low-band-gap polymer

systems and gradually become routines for processing novel materials .
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1.5.2.1 Thermal annealing

Post annealing of the as-cast film at elevated temperatures was demonstrated to improve
PSC morphology to a pronounced degree by Heeger et al in 2005.1*2 They found that the fast
evaporation of solvents does not allow enough time for the polymer chains to stack into highly
ordered regions. Thermal energy promotes polymer chains to reorganize into more stable and
ordered structures. The resultant polymer domains have a significantly enhanced crystallinity, as
shown in Figure.1.17 P!, indicated by fibril structures of polymer chains distributing throughout

the film in both lateral and vertical directions.

Figure 1.17 Morphology in PSCs (a), TEM image of a thermally annealed P3HT: PCBM film73. (b),
Defocused cross-sectional TEM image of a P3HT: PCBM film c, Three-dimensional electron

tomography image of thermally annealed P3HT-PCBM film P!

1.5.2.2 Solvent annealing
It was not until 2005 that solvent annealing was shown to enhance PSC efficiency

appreciably in Professor Yang Yang’s group at UCLA.[**} By decreasing solvent evaporation
26



rate during the solvent removal process, sufficient time is allowed for P3HT chains to slowly
stack in an ordered manner, giving rise to relatively high crystalline polymer domains. This is
demonstrated in Figure 1.18 by GIWAXS. ™ In Figure 1.18, Sharp peaks of (n00) in the out-of-
plane (OOP) direction provide clear evidence that the edge-on packing manner is dominating in
P3HT domains in films processed by solvent annealing method. Therefore, due to their effects on
thin-film morphology during the process of solution-to-film transition, evaporation rate of the

processing solvents are of vital importance to achieve the desired morphology.

T
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Figure 1.18 Grazing-incidence X-ray diffraction images of polymer—acceptor films of a highly

crystalline P3HT: PCBM blend film by solvent annealing "
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1.5.2.3 Additive & Solvent mixture

Additive & solvent mixture processing methods have been extensively used since the
accidental discovery that devices whose active-layer was cast from solutions containing DIO
residue exhibited surprisingly excellent photoelectric properties.*”*%! Zhang et al. found that the
photocurrent density is significantly enhanced in polyfluorene copolymer/fullerene blends when
chlorobenzene was added into chloroform.l*! Results of time-resolved spectroscopy
demonstrated that charge mobility was influenced by additives and this lead to the increased

current in device.

An amorphous low band-gap polymer PCPDTBT was thoroughly studied by Bazan et al,
and they found that through incorporating a few volume percent of alkanedithiols into the
PCPDTBT/PC7BM blend solution, the device performance of the as-cast films is significantly
improved from 2.8 % to 5.5 %.Y According to the absorption data, they proposed that
distributions between the polymer chains and/or between the polymer and fullerene phases are

modified by alkanedithiols additive and this accounts for the efficiency enhancement. !

The additive approach is also useful for P3HT system. Figure 1.19"° schematically
illustrates the additive-assistant morphology formation process, a transition from solution-stage
conformations to thin-film morphology during casting. The interactions between donor &
acceptor & solvents are of vital importance for rational morphology control.® Generally
speaking, differences in solvents’ boiling point and solubility of solutes modify the degree of
phase separation as well as molecular packing manners in both domains in films cast from

solution.
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Figure 1.19 Working mechanisms for additive in morphology control **

The effects and working mechanisms of processing additives on morphology control will be

elaborated in detail in chapter 3.
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Chapter 2 High Performance Diketo-pyrrolopyrrole-based Thick
Polymer Solar Cells through Improved Structural Order and

Carrier Mobility

2.1 Introduction

One of the main reasons for the limited device efficiency of polymer solar cells is the
relatively low charge carrier mobility of carbon-based polymeric materials.!*® The need for
conjugated polymers with high carrier mobility, appropriate highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) levels, and controllable morphology

when blended with electron acceptor materials, is urgent.

To enhance the carrier mobility of conjugated polymers, several strategies have been
investigated. For example, the dramatic enhancement of structural ordering in regioregular
poly(3-hexylthiophene) (P3HT), as compared to regiorandom P3HT, has contributed directly to
higher hole mobility and photovoltaic performance.”! Similarly, the introduction of Si, Ge or Se
heteroatoms into the backbone of conjugated polymers has brought significant enhancements in
packing order and carrier mobility.% % 7@€ Fyrthermore, by using large m-conjugated co-planar
units such as benzodithiophene (BDT), thienothiophene (TT), thienopyrroledione (TPD), etc
[10a-g] to construct the backbone, it is possible to facilitate intimate inter-chain packing and

further increase carrier mobility.2%!

Recently, the influences of molecular weight and the
choice of non-conjugated side chains attached to conjugated polymers on polymer morphology
and mobility also have been investigated.’®®! Generally speaking, longer and bulkier side chains

provide good solubility and ensure higher molecular weight for the polymers, while shorter and
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less bulky side chains lead to better m-m stacking of the polymer chains and enhance charge
carrier mobility. Despite these successes, up to now, there is a still a dearth of techniques in
predicting the effects of a given side chain structure on different conjugated polymer systems.
Polymer chemists can only shorten the side chains on the conjugated polymer back bones step by
step until the solubility limit is reached, and this process often comes with unpredictable effects

on morphology. %7

To achieve high performance polymer solar cells, low band gap polymers (LBG) with
strong absorption are often desirable. The diketopyrrolopyrrole (DPP) unit, which was developed
over the last 3 to 4 decades for high-performance pigments, has been shown to be a promising
building block for LBG polymers.[****1 One of the DPP derivatives, furan-based DPP (FDPP),
which was first reported as a donor material for solar cell applications in 2010 by Frechet et al,
offered the advantages of lower material costs, higher synthetic yield, and improved solubility
over its thiophene-based counterparts.®® Thiophene-based DPP polymers show excellent
solubility with ethylhexyl (EH) side chains (Janssen et al; 2009); 8 when the EH groups were
replaced by long linear side chains such as dodecyl, tetradecyl, or hexadecyl groups to control
the structural ordering, the PCE of the resulting polymer solar cells increased from 5% to 6%. !
However, the PCE was still limited by relatively low Voc and external quantum efficiency (EQE)
values. In order to overcome this problem, a series of low band gap polymers based on modified
BDT and DPP units were developed, and they exhibited excellent photoelectrical properties in
both single junction and tandem solar cells.***) The argument for incorporating the BDT unit
into DPP-based polymers lies in the fact that: 1) the large n-conjugated fused aromatic rings of
BDT can enhance the packing of the polymer backbone and thus increase the carrier mobility

and 2) BDT is a weak electron donating unit, so it results in a deep HOMO level for the
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polymer, which is responsible for enhancing its Voc. Given the reasons mentioned above, one
of these polymers, PBDTT-FDPP, which contains alternating thienylbenzodithiophene (BDTT)
and furan-substituted diketopyrrolopyrrole (FDPP) units, showed increased Jsc and Voc over

thiophene-based DPP polymers with other electron donating units.*4]

With EH groups on
both BDTT and FDPP units, PBDTTFDPP-EH provided a Voc 0f 0.76 V, a Jsc of 13 mA/cm2, a

FF of 55%, and a PCE around 5.4% in a single junction device. 1

In this work, we report two new polymers incorporating linear side chains on the FDPP
acceptor group and BDTT donor group (PBDTTFDPP-C,, and PBDTTFDPP-C;) to compare to
PBDTTFDPP-EH. We show that by changing the branched EH groups on the FDPP unit to
linear side chains, enhanced structural order and more favorable morphology are obtained for
PBDTTFDPP-C,y and PBDTTFDPP-C5, in both pristine polymer and polymer: PC7;BM blend

films.

2.2 Experimental

Materials: The polymerization route of each polymer is shown in Figure 2.1.

R
S\ o N/ 2
\/ 4 SN/ P \0/ B Pd(PPhs),
Sn )sn + ™\ _/ -
/ 'S \  Br Toluene/DMF
(e) NG
z /
— R2
Rl
M2: R,=n-decyl PBDTTFDPP-C,o: R1=2-ethylhexyl, Ro=n-decyl
M1 M3: R,=n-dodecyl PBDTTFDPP-C1,: R1=2-ethylhexyl, R,=n-dodecyl
M4: R,=2-ethylhexyl PBDTTFDPP-EH: R;=2-ethylhexyl, R,=2-ethylhexyl

Figure 2.1 Synthetic routes for PBDTTFDPP-C,,, PBDTTFDPP-C,,and PBDTTFDPP-EH
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All monomers (M1-M4) were synthesized according to reported methods. ¥ PBDTTFDPP-Cy,
was synthesized as follows: M1 (0.2222g, 0.2456 mmol) and compound M2 (0.1742g, 0.2451
mmol) were dissolved into 10 mL toluene and 1 mL DMF in a flask protected by argon. The
solution was flushed by argon for 10 minutes, then 10 mg of Pd(PPhs), was added to the flask.
The solution was flushed by argon again for 20 minutes. The oil bath was heated to 110 €
gradually, and the reactants were stirred for 8 hours at 110 €€ under an argon atmosphere. Then,
the mixture was cooled down to room temperature and the polymer was precipitated by the
addition of 100 ml methanol. The precipitated solid was then dissolved in ~10 mL CHCI; and
then passed through a short column with silica gel. The solution was then concentrated to 5~10
mL and precipitated in hexane. The polymer was thermally stable up to 270 <€ (3% weight loss
by Thermogravimetric analysis). '"H NMR (400 MHz, CDCls): d=6.7-8.6 (br, 10H), 1.8-4.9 (br,
14H), 0.5-1.5 (br, 62H). Mn=42.4 k; polydispersity=2.2. PBDTTFDPP-C;, was synthesized and
purified using the same procedure as above. The title polymer was obtained as a dark green-
purple solid, yield ~60%. The polymer was thermally stable up to 270 € (3% weight loss by
Thermogravimetric analysis). *H NMR (400 MHz, CDCls): d=6.7-8.6 (br, 10H), 1.8-4.9 (br,

14H), 0.5-1.5 (br, 70H). Mn=40.2 k; polydispersity=2.2.

Fabrication of photovoltaic cells: PBDTTFDPP-C,o, PBDTTFDPP-Cy, or PBDTTFDPP-EH was
co-dissolved with PC7;:BM in 1, 2-dichlorobenzene (DCB) with a weight ratio of 1:2.5 and a
polymer concentration of 9 mg/mL. 3% (volume ratio) chloronaphthalene (CN) was added into
the solutions to improve the performance. A thin layer (~30 nm) of PEDOT:PSS (Baytron P VP
Al 4083) was spin-coated onto the ITO surface. After being baked at 120 <€ for ~ 20 min, the

substrates were transferred into a nitrogen-filled glove box (< 0.1 ppm O; and H;O). A
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polymer/PC7;;BM composite layer was then spin-cast from the blend solutions at various
(between 700 and 3000) rpm on to the ITO/PEDOT:PSS substrate, then the film was transferred
into a thermal evaporator that is located in the same glove box. A LiF layer (~1 nm) and an Al
layer (100 nm) were deposited in sequence under a vacuum of 2 x 107 torr. The effective area of

the device was measured to be 0.10 cm?.

Transmission Electron Microscopy (TEM) measurements: TEM images were taken using a
Model JEM 1200-EX with Cs=1.9 at the accelerating voltage of 80 kV on thin films of polymer:
fullerene blends processed w/ or w/o CN. The bright field images were taken at a magnification

of 150,000.

Grazing Incidence Wide-Angle X-ray Scattering (GIWAXS): GIWAXS measurements were
performed at the 8ID-E beamline at the Advanced Photon Source (APS), Argonne National
Laboratory (ANL) using x-rays with a wavelength of A = 1.6868 A and a beam size of 200 pm (h)
and 20 pm (v). A 2-D PILATUS 1M-F detector was used to capture the scattering patterns and

was situated at 204 mm from the samples.

Space Charge Limited Current (SCLC) measurements: Hole mobility was measured using the
space charge limited current model, using a diode configuration of ITO/ PEDOT:PSS/polymer-
only or polymer:PC;;BM/Au in the range of 0-10 V, and fitting the results to a space charge

limited form, described by
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J=(8/9) &reo e (VL) 114

where ¢ is the permittivity of free space, ¢ is the dielectric constant of the polymer, u« is the hole
mobility, V is the voltage drop across the device (V = Vappi - Vi - Vii, Where Vg is the applied
voltage to the device, V. is the voltage drop due to contact resistance and series resistance across
the electrodes, and Vy,; is the built-in voltage due to the difference in work function of the two
electrodes), L is the polymer or polymer: PC;1BM thickness. The dielectric constant & is
assumed to be 3, which is a typical value for conjugated polymers. The thickness of the polymer

and blend films was measured using a Dektak profilometer.

2.3 Results and Discussion

2.3.1 Materials synthesis and characterization
The chemical structures of PBDTTFDPP-Cyy, PBDTTFDPP-C1,, and PBDTTFDPP-EH

are shown in Figure 2.2.
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PBDTTFDPP-C,, PBDTTFDPP-C,, PBDTTFDPP-EH

Figure 2.2 Chemical structures of PBDTTFDPP-C,o, PBDTTFDPP-C,,, and PBDTTFDPP-EH.

All these polymers were synthesized via Stille coupling polymerization using Pd(PPhz), as
the catalyst, and toluene/N,N-dimethylformamide (DMF) as the solvent at 110 <C. The
molecular weights (M,) range from 30k to 40k, and their polydispersity indices (PDI) are around
2.2, as determined by gel permeation chromatography (GPC). The duration of the polymerization
reaction was controlled to tune the molecular weight and solubility of the resulting polymers.
PBDTTFDPP-EH showed good solubility in o-dichlorobenzene (DCB) and chloroform (beyond
30 mg/mL) even at prolonged polymerization times, indicating weak inter-molecular packing
due to the branched side chains. However, for PBDTTFDPP-C,, and PBDTTFDPP-C;», after 6-8

hours of reaction the toluene/DMF solution became a gel and the resulting polymers showed
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limited solubility in DCB and chloroform (up to ~15 mg/mL at room temperature). The lower
solubility of PBDTTFDPP-Cyy and PBDTTFDPP-Cy, compared to PBDTTFDPP-EH potentially

indicates better n-7 stacking of the polymer backbones. 9

The absolute absorption coefficient spectra of PBDTTFDPP-Cy,, PBDTTFDPP-C;, and
PBDTTFDPP-EH thin films were determined by ultraviolet-visible (UV-Vis) measurements and

can be found in Figure 2.3.

1.4x10°
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s | 1.2x10°} |——PBDTTFDPP-C,
1.2x10° | ;| |—=—PBDTTFDPP-EH

[ £ 1.0x10°}

5] 2

1.0x10 [~ 2 9.0x10°}

L < g.ox10'}f
-

8.0x1 04 -é 7.0x10*k

) s, 2 n N N N
L. S0nd0 675 690 705 720 735 750 765
4
6.0x10" |-

Wavelength (nm)

4.0x10* |

2.0x10* |- ——PBDTTFDPP-C_,
' ——PBDTTFDPP-C,,
—— PBDTTFDPP-EH

Absorption Coefficient (1/cm)

o
o
T

450 525 600 675 750 825 900
Wavelength (nm)

Figure 2.3 UV-Vis absorption coefficient spectra of PBDTTFDPP-Cy,, PBDTTFDPP-C,,, and

PBDTTFDPP-EH thin films.
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PBDTTFDPP-Cyo and -Cy, share similar spectra with PBDTTFDPP-EH. They all display
two absorption bands, one at 350-450 nm and the other at 650-800 nm. Despite these similarities,
the spectra of the two linear side-chain substituted polymers are red-shifted by ~10 nm compared
to their branched side-chain substituted counterparts. The PBDTTFDPP-EH film shows an
absorption onset at 825 nm with a Anax Of 754 nm, while PBDTTFDPP-Cyy and PBDTTFDPP-
Cy, films have nearly identical optical characteristics with absorption onsets at 825 nm and Amax
values around 762 nm. Almost identical absorption coefficients of all three polymers thin films
indicate this structure modification of polymers does not significantly affect their absorption
capabilities. The HOMO and LUMO energy levels of the polymers were determined by cyclic

voltammetry (CV), and the results are shown in Figure 2.4.

50 |
PBD'I'I'FDPP-CW
ok —
I -
E -50 |
‘-q:-; 00 PBD'I'I'FDPP-C12
o - R
= o
O .50}
PBDTTFDPP-EH
=200 | &
-250 | i . i N i . 1 . i . i N 1
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Figure 2.4 Cyclic voltammograms (CV) of PBDTTFDPP-C,,, PBDTTFDPP-C,,, and PBDTTFDPP-

EH thin films.

42



HOMO/LUMO levels are extracted from the onset position of the oxidation and reduction
peaks. The HOMO/LUMO levels for PBDTTFDPP-C,y, PBDTTFDPP-C;,, and PBDTTFDPP-
EH are -5.25/-3.61, -5.26/-3.61, and -5.28/-3.59 eV, respectively. Slightly higher HOMO levels
and lower electrochemical bandgaps are observed for polymers with linear alkyl side chains

compared to those with EH chains.

2.3.2 Photovoltaic device performance

In order to characterize the photovoltaic performance of each of the polymers, bulk
heterojunction thin-film solar cells were fabricated with a conventional structure of
ITO/PEDOT:PSS/polymer:PC7;:BM/LiF/Al, using PBDTTFDPP-C,,, PBDTTFDPP-C;,, and
PBDTTFDPP-EH as electron donors and PC;;BM as the electron acceptor at a 1:2.5 ratio by
weight. A small amount of the high boiling-point additive 1-chloronaphthalene (CN) was used to
improve film morphology.™®**¥ Figures 2.4 (a) and (b) show the current density-voltage (J-V)

curves and EQE curves of PBDTTFDPP-C,9,-C12,and-EH based devices.
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Figure 2.5 Current density-voltage characteristics of polymer: PC;,BM single junction solar cells

processed with CN under AM1.5G illumination (100 mW/cm?)

Solar cells fabricated from PBDTTFDPP-C;, reached the highest power conversion
efficiency (PCE) of 6.9%, with an open circuit voltage (Voc) of 0.73 V, a short circuit current
(Jsc) of 15.2 mA/cm?, and a fill factor (FF) of 63% (the average PCE from 20 devices is 6.4%).
Slightly lower photovoltaic properties were observed in the best device obtained from
PBDTTFDPP-C;,, which achieved a peak PCE value of 6.7%, with a Voc of 0.73 V, a Jsc of
14.9 mA/cm?, a FF of 62% (the average PCE from 20 devices is 6.2%). These results are
significantly greater than the highest performing PBDTTFDPP-EH based device with a Voc of
0.76 V, a Jsc of 12.8 mA/cm?, a FF of 56%, and a peak PCE of 5.4% (the average PCE from 20

devices is 4.8%). The EQE curves of PBDTTFDPP-Cyy and PBDTTFDPP-C1,-based devices
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shown in Figure 2.6 exhibit broad spectra approaching efficiencies of 50%, which is consistent

with the high photocurrent.

—8—PBDTTFDPPC
—e—PBDTTFDPPC
—A— PBDTTFDPP-EH

0 A 1 1 1 1 1 i
300 400 500 600 700 800 900

Wavelength (nm)

Figure 2.6 EQE curves of polymer: PC;BM single junction solar cells processed with CN under

AML1.5G illumination (100 mW/cm?)

The substantial performance improvements observed in the polymers with linear chains is
primarily concentrated in increases in Jsc and FF. Both the Jsc and FF values are closely related
to the film morphology, structural order, and carrier mobility of the polymer. To fully understand
the effect of replacing the branched side chains with linear ones, the morphology of pristine

polymer and polymer: PC7;BM blend thin films were characterized using transmission electron
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microscopy (TEM) and grazing incidence wide angle X-Ray Scattering (GIWAXS) spectroscopy

[132-130] ' Carrier mobility was measured using the space charge limited current (SCLC) model.

2.3.3 TEM study on morphology of polymer: C7:BM blend thin film
First, we examine the effect of CN as an additive in polymer:PC7;:BM blends. The TEM

images of the PBDTTFDPP-C4:PC71:BM, PBDTTFDPP-C;,:PC71BM and PBDTTFDPP-EH:

PC7;1BM blend films deposited without CN and with CN are provided in Figures 2.7 (a)-(f).

Figure 2.7 TEM images of polymer: PC71BM blend films processed in DCB without CN: (a)

PBDTTFDPP-C,,:PC71BM, (b) PBDTTFDPP-C,,:PC;1BM, (c) PBDTTFDPP-EH: PC;BM; and
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processed in DCB with 3% CN (volume ratio): (d) PBDTTFDPP-C,:PC,;BM, (¢) PBDTTFDPP-

C12:PC#BM, (f) PBDTTFDPP-EH:PC;,BM.

Looking at the non-CN scenario, Figures 2.7 (a), (b) and (c) clearly show non-ideal
morphologies composed of large coarse features. For all three polymer: PC7;BM blends without
the CN additive, the phase separation between polymer-rich and fullerene-rich domains occurs
on a scale of ~100-200 nm, which is too large to be considered a favorable morphology. This is

further verified by the observation of Resonant Soft X-ray Scattering (RSoXS) (Figure 2.8). (16

47



10° 10° 0.07

5 " L J L J v L J L J "" v L J L J v L J
10
w/o CN
4
10
3
10
——PBDTTEDPP-C_:PC. BM
102 10 71
. ——PBDTTEDPP-C_:PC. BM
: 12 71
1
] 105 —— PBDTTFDPP-EH:PC_BM
10
o
-~ w/ CN
e T
10
10°
—— PBDTTEDPP-C_:PC_ BM
10 71
102 | —rBoTTFOPP-C_:PC BM
12 F 4
—— PBDTTFDPP-EH:PC_BM

10 . | " " 2 2 a2 a2 aald " " " 2 a2
10° 10° 0.07

g (A”)

Figure 2.8 RSoXS profiles of thin films of PBDTTFDPP- Cy,:PC;:BM, PBDTTFDPP-C,,:PC7BM
and PBDTTFDPP-EH:PC;;BM blends prepared from solutions without CN and with CN under the

same conditions as those used for the fabrication of OPV devices.

Due to the large degree of phase separation between polymer and fullerene-rich domains,
there is limited interfacial area available for efficient exciton dissociation and carrier generation,
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thus resulting in poor device performance. When CN (3% volume) was added to DCB, as shown
in Figures 2.7(d), (e), and (f), an interpenetrating nanofibril network is formed as a result of the
highly ordered packing of the PBDTTFDPP polymer chains. We also have observed smaller
phase-separated domains (Figure 2.8) for all of the thin films deposited with added CN. The
presence of the observed nanofibril networks is particularly important to polymer solar cells as it
is anticipated to provide percolation pathways for efficient carrier collection and ultimately lead
to higher cell efficiency. From these results, we can conclude that CN as an additive can help the
penetration of PC7;BM into the polymer matrix and result in better intermixing and finer phase-
separated domains. Comparing the morphological information obtained from TEM with device
performance, we find that the favorable morphology obtained when using PBDTTFDPP
polymers with CN as an additive contributes significantly to the device performance. This
morphological change upon CN addition also well agrees with the studies of additive effects on

several other high performance polymer systems such the PCDTBT and PTB series. (144140

2.3.4 GIWAXS study on morphology of both pristine polymer and polymer:PC7;BM blend films

Additional changes in nanoscale morphology, such as molecular packing and side chain
arrangements, were investigated using GIWAXS.**% The 2-D GIWAXS patterns of three
pristine polymers and polymer:PC7;;:BM blend films processed from DCB/CN are shown in

Figure 2.9(a)-(f).

49



PBDTTFDPP-Cy, | (c)  PBDTTFDPP-C,, (e)  PBDTTFDPP-EH

04 0 04 08 1.2 16 2 -04 0 0.4 0.8 1]:2 1.6 2 04 0 0408 12 16 2

q,(A%) q,(A”) q,(A”)

PBDTTFDPP-EH :
PC;;BM w/ CN

PBDTTFDPP-Cy :
PC,;BM w/CN §

PBDTTFDPP-Cy, :
PC,;BM w/ CN

0
-04 0 04 08 :&2 1.6 2 04 0 0408 12 16 2 040 0408 12 16 2

q, (A% q, (A7) q, (A7)

Figure 2.9 Two dimensional GIWAXS patterns of PBDTTFDPP-C,,, PBDTTFDPP-C,,, and
PBDTTFDPP-EH pristine polymer films (a, ¢, €) and the three polymers: PC,BM blend films

processed from DCB/CN (b, d, f)

The corresponding background-subtracted gy and ¢, linecuts of the GIWAXS patterns and

fitted parameters are summarized in Figure 2.10, 2.11 and Table 2.1, respectively.
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Figure 2.10 Background-subtracted g, linecuts of GIWAXS patterns of pristine and blend films

for PBDTTFDPP-C,o, PBDTTFDPP-C,, and PBDTTFDPP-EH
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Figure 2.11 Background-subtracted g, linecuts of GIWAXS patterns of pristine and blend films for

PBDTTFDPP-C,,, PBDTTFDPP-C,, and PBDTTFDPP-EH
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Table 2.1 Parameters of GIWAXS fitting results concerning three pristine polymers and
the polymer: PC71BM blends processed from DCB/CN.

Qy Lamellar FWHM Polymer Qz for T FWHM Polymer Qy for FWHM PC.,BM
[1/A] spacing Al lamellar polymer spacing [A] - PC,,BM Al correlation
[A] correlation [1/A] [A] correlation [1/A] length
length length [A]
Al Al
PBDTTFDPP 0.317+0.01 19.8 0.12 49 1.55+0.05 4.1+0.2 0.29 21
'C10
PBDTTFDPP 0.36+0.01 17.5 0.11 53 1.33 0.30 20
-C10:PC;1BM
w/ CN
PBDTTFDPP 0.299+0.01 210 0.12 49 1.55+0.05 4.1+0.2 0.35 17
'C12
PBDTTFDPP 0.34+0.01 18.4 0.11 53 1.33 0.30 20
-C1,:PC,BM
w/ CN
PBDTTFDPP 0.38%0.01 16.5 0.18 33 1.55+0.05 4.1+0.2 0.45 13
-EH
PBDTTFDPP 0.39+0.01 16.1 0.17 35 1.33 0.35 17
-EH:PC;;,BM
w/ CN

As Figures 2.9(a)(c)(e), Figure 2.10, Figure 2.11 and Table 2.1 show, for the pristine
polymer thin films, distinct peaks at g,= 0.317 A™, 0.299 A™, and 0.38 A™ were observed for
PBDTTFDPP-C,9, PBDTTFDPP-C;,, and PBDTTFDPP-EH, corresponding to polymer lamellar
spacings of 19.8 A 21.0 A and 16.5 A. This indicates that when changing from polymers with
branched short side chains to those with linear long chains, the distance between single polymer
chains increases. The peaks at 0,= 1.55 A, corresponding to a m-n stacking spacing of 4.1 A
(shown in Table.2.1), were clearly observed for all three pristine polymers, indicating that the
polymer orientation is ‘face-on’. This similarity reflects the fact that the side chain modification
has a negligible effect on polymer n-n stacking distance. However, the full widths at half
maximum (FWHMs) of peaks at q,= 1.55 A decreased from 0.45 A for branch side-chained
PBDTTFDPP-EH, to 0.29 A and 0.35 A for linear side-chained PBDTTFDPP-C;, and

PBDTTFDPP-C;,, respectively. This corresponds to an increase in polymer m-m correlation
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length from 13 A for PBDTTFDPP-EH, to 21 A and 17 A for PBDTTFDPP-Cy and

PBDTTFDPP-C5, as shown in Table 2.1.

The similar situation holds for diffraction peaks in the g direction (centered at around 0.3
A1) The narrowing of the Qy peaks corresponds to an increase in polymer lamellar correlation
length from 33 A for PBDTTFDPP-EH, to 49 A for both PBDTTFDPP-C;oand PBDTTFDPP-
Ci2. Both the increase of the n-m and lamellar correlation lengths indicate that more crystalline
polymer domains were formed in films of polymer with linear side chains. In other words,
nanoscale structural order is enhanced within polymer domains when branched side chains are

replaced with linear ones in pristine polymer films.

When blended with PC7;BM, we are still able to observe the gy peaks (centered at around
0.375 A™) for all three polymers: PC-1BM blends, as shown in Figure 2.9(b) (d) (f), consistent
with those of the pristine polymer films. However, along the g, direction, it becomes difficult to
differentiate thoroughly the polymer =« - 7 stacking peaks from those of PC;;BM, as PC71BM has

strong scattering signals at the same q. 169

However, as shown in Figure 2.11 , all three polymers’ & - @ stacking peaks around (,=
1.55-1.60 A (‘face-on’ stacking) were still discernible even though they were buried in the
much stronger PC-1BM peaks.!**! Based on the evidence shown above, we can conclude that the
polymer chains are (partially) stacked in a ‘face-on’ manner in the blend films.**! Furthermore,
the polymer lamellar correlation lengths for all three polymer:PC;1BM blends were found to
follow the same trend as that in pristine polymer films: the lamellar correlation length has
increased from 35 A for PBDTTFDPP-EH to 53 A for both PBDTTFDPP-Cy and

PBDTTFDPP-C;,, as shown in Figure 2.9(b)(d)(f), Figure 2.10, Figure 2.11 and Table 2.1.
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Therefore, linear-side-chained polymers can induce more crystalline polymer domains in the
polymer: PC;1BM blends. This enhanced structure order can act as one of the important factors

that contribute to higher carrier mobility and lead to improved device performance.

2.3.5 SCLC study on carrier mobility of polymer: PC;1BM blend thin film

The hole mobility of pristine PBDTTFDPP-Cyy, -C12, and -EH polymers and the polymers
in blended films were measured using the space charge limited current (SCLC) method to
demonstrate the influence of side chains on carrier mobility.2%*? The log (3) vs. log (V) curves

are shown in Figure 2.12.

4.5
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wtgp== BDTTFDPP-C,, (60 nm)

3.0 «=@=PBDTTFDPP-C , (50 nm)
=$=PBDTTFDPP-EH (70 nm)

02 00 02 04 06 08 10
log (V)
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Figure.2.12 Log (J)-Log (V) characteristics of hole-only devices composed of PBDTTFDPP-Cy,
PBDTTFDPP-Cy,, and PBDTTFDPP-EH pristine polymer films and polymer: PC;;BM blend films,

respectively.

Pristine PBDTTFDPP-Cyg, -C12 and PBDTTFDPP-EH films exhibit SCLC hole mobility
values as high as 9.3x10™, 8.1x10*, and 2.2x10* cm?/V s, respectively. The PBDTTFDPP-
C10:PC#1BM, PBDTTFDPP-C4,:PC71:BM and PBDTTFDPP-EH: PC7;BM blend films (processed
with CN as an additive) show SCLC hole mobility values as high as 6.7x10®, 6.3x10™, and
1.2x10™* cm?/V s, respectively. All of the mobility data were averaged from three independent
measurements. The SCLC results reveal that better charge transport properties have been
achieved for the PBDTTFDPP series LBG polymers by changing the branched side chains to
linear ones. The small differences between hole mobility extracted from pristine films and from
blend films also indicate that fullerenes do not significantly interrupt the formation of crystalline
polymer domains, and thus did not compromise the polymer’s charge transport properties in the

blended film.

2.3.6 Influence of thickness on absorption and current density

Figures 2.13 show the variations of Jsc with thickness of polymer:PCBM blend based C
and EH and the simulated current. There are two simulated current peaks at ~ 110 nm and ~210
nm, respectively. The simulated curve is similar with optical simulation results for other
conjugated polymers; for example, two peaks in the vicinity of ~100 nm and ~200 nm were

reported for P3HT/PCBM devices. 2% Consistent with the simulated results, the measured
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current peaks at device thickness of ~120 nm and ~200 nm with PBDTTFDPP-Cy,. However, the
measured current of EH drops after its peak at ~115 nm without exhibiting a second peak. A
plausible explanation for the disappearance of the second current peak in the branch-side-chained
polymer is its lower carrier mobility and higher recombination rate relative to the linear-side-

chained polymers.
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Figure 2.13 Current-thickness dependence curves with optical current simulations for devices made

of PBDTTFDPP-C,o, PBDTTFDPP-C,,, and PBDTTFDPP-EH blended with PC;,BM.
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2.3.7 Efficiency -thickness dependence of polymer: PC7:BM blend thin film based device
Finally, we investigated the dependence of device performance on the active layer
thickness in devices made using these three polymers. High performance polymer solar cells
with thick active layers are very valuable in large-scale manufacturing processes. However, most
reported high performance polymers only function well at small active layer thicknesses.[*"11 14

Figure 2.14 shows that for PBDTTFDPP-EH based devices, the average PCE (4.8%) is observed

at 120 nm active layer thickness.
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Figure 2.14 Efficiency-thickness dependence curves for devices made of PBDTTFDPP-Cy,

PBDTTFDPP-C,, and PBDTTFDPP-EH blended with PC-,;BM.
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When increasing the thickness of the active layer, the average PCE drops significantly to
3.6% at 200 nm, 2.7% at 240 nm, 1.7% at 320 nm and 1.2% at 360 nm. PBDTTFDPP-C,, based
devices shows an improved trend of average PCE which peaks at 6.2% at 160 nm and then drops
to 5.5% at 200 nm, 3.7% at 320 nm, and 3.4% at 360 nm. PBDTTFDPP-C;, based devices with
the highest hole mobility show the largest observed optimum thickness of 200 nm, with an
average PCE of 6.4%. Beyond 200 nm thickness, PBDTTFDPP-C;, based devices still maintain
an average efficiency of 4.7 % even at 360 nm active layer thicknesses. In general, the average
device performance of PBDTTFDPP-C;, remains above 4.7% over the thickness range between
160 nm and 360 nm. As we have shown, all three polymers have almost identical absorption
coefficients (within 2% difference), therefore the significant change in optimal device thickness
has less to do with optical, “™ but rather electrical properties of the polymers. The larger
optimum active layer thickness of linear side-chained polymer based device can be possibly
ascribed to more crystalline polymer domains where carriers exhibit higher carrier mobility, as
was discussed in the previous section. 81 High carrier mobility allows charge carriers to travel
faster during the charge transport process, and more crystalline domains have fewer traps and
defects and thus reduce the chance of recombination. As a result, the benefit of higher absorption
at thick active layer film can be realized in the devices containing linear side-chained
PBDTTFDPP-based polymers to exhibit higher device performance. However, the poorer
transport property in the thick branch side-chained polymer OPV devices may cancel the
absorption benefits or even make the device performance worse with a thick blend active layer.
This approach of side chain engineering has led to much improved device efficiency in thick

polymer solar cells with active layer thickness around 200 nm.
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2.4 Conclusion

In conclusion, a series of low bandgap polymers based on thienylbenzodithiophene (BDTT)
and furan-substituted diketopyrrolopyrrole (FDPP) units with different side chains have been
synthesized. By changing the branched ethylhexyl groups on FDPP unit to linear side chains, the
structural order and carrier mobility of the polymers are enhanced accordingly, as determined by
the TEM, GIWAXS, and SCLC results on the polymer and the polymer: PC7;;BM blend films.
The power conversion efficiencies of single junction devices are improved from ~5% to ~7%,
mainly due to higher short-circuit current and fill factor values. More interestingly, the enhanced
structure order and higher carrier mobility found in the more crystalline polymer domains
formed by polymers with linear side chains can be among the important factors contributing to
improved performance at active layer thicknesses ca 200 nm. The maximum PCE of devices
based on PBDTTFDPP-Cy;:PC71BM blends reaches a peak value of 6.9% at active layer
thickness of 200 nm. Most importantly, average PCE values over 4.7% are maintained with
active layer thicknesses ranging from 160 nm to 360 nm, showing the advantages of replacing
bulky branched side chains with linear side chains. Since relaxing the required level of precision
in active layer thickness has important industrial implications for large-area film deposition, our
preliminary results can serve as a guideline for the future modification of high performance

polymers toward industrial applications. [:*2%1
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Chapter 3 Elucidating the Working Mechanisms of Solvent
Additives in Morphology Optimization of Diketopyrrolopyrrole-

based Narrow Bandgap Polymer Solar Cells

3.1 Introduction

Tremendous efforts have been made in the field of organic photovoltaic cells (OPVs) in the
past few years, with the highest reported power conversion efficiency (PCE) reaching over
10%.™M2IB1 The achievements have been realized through chemical structure modification of
donors and acceptorsI®!®! improvement in active-layer processing methods!BI*I% jnterfacial

morphology control*41*21%3 and device structure engineering.*411126]

Narrow band gap polymer materials with a photo-response extended to the infrared region
are critical for recent technical breakthroughs. Among narrow band gap polymers with high
PCEs, benzodithiophen (BDT)-based and diketopyrrolopyrrole (DPP)-based copolymers are very
promising due to their high yield in synthesis, and energy levels that are compatible with
commonly used acceptors such as [6,6]-phenyl-C71-butyric acid methyl ester (PC;1:BM). These
polymers have enabled high efficiency tandem and visibly transparent OPV devices. 412511261
Chemical structure modification of these narrow bandgap polymers has been explored to further
improve their efficiency. However, processing difficulties have limited the application of these
narrow bandgap polymers to OPV devices. For example, the promising polymer, poly(2,6’-4,8-
di(5-ethylhexylthienyl)benzo[1,2-b;3,4-b]dithiophene-alt-5-dibutyloctyl-3,6-bis(5-

bromothiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4-dione] (PBDTP-DPP) was found to be highly
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soluble only in chloroform (CF) when its molecular weight exceeded 25 kDa,*® while limited
solubility was observed in organic solvents such as chlorobenzene (CB) and 1,2-dichlorobenzene
(DCB). Previous literature demonstrate that, in spite of the processing difficulties, high
molecular weight polymers are still preferred for achieving high efficiency.' % In the case of
the high-molecular-weight PBDTP-DPP processed with CF, this low-boiling-point solvent
prohibits polymer self-organization,???!] resulting in a sub-optimal morphology that leads to

poor device performance of only 1.5% PCE.

Recent studies have shown that a solvent-mixture approach is an efficient method to induce
improved morphology in various narrow-bandgap polymer systems for polymer:fullerene blend
films.[12212312412%] \we reported organic solar cells based on a thin film composed of PBDTP-
DPP donor and PC7;BM acceptor, where 1,8-diiodoctane (DIO) was shown to be an effective

additive to CF (CF-DIO), achieving a PCE of 5.8%.")

However, DIO itself is not stable for long-term usage. Once exposed to air and in the
presence of light, it will react with O, and form 8-hydroxyoctanal and I,; these products are
defects or trap sites for carriers, leading to severe deterioration in performance of devices cast
under ambient environment. Therefore, fabrication processes involving DIO have to be limited to
an air free environment, which is unfavorable for large-area fabrication. As a result, an efficient

air-stable solvent additive is strongly desired. ™!

Here, we show that an air-stable solvent additive, DCB, works as an effective additive for
processing PBDTP-DPP:PC7;BM blends using CF as the main solvent (referred to as CF-DCB).
Performance optimization of CF-DCB has led to an enhanced PCE of 6.6%, resulting from an
optimized morphology. Also, DCB is found to be superior to DIO for this polymer, with a higher
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maximum PCE (6.6% with DCB vs. 5.8% with DIO) and a much wider additive operation
window (up to 80% for DCB vs. less than 10% for DIO). More importantly, the morphology
formation mechanism in CF-DCB solvent mixture is found to be different from that in the

widely-studied DIO solvent additive.

In this chapter, we will first demonstrate the improvements observed in device properties
and the corresponding morphology for both solvent mixture systems. Second, we found that
DCB outperforms DIO with a higher PCE peak value and a much wider additive operation
window. Third, detailed morphology characterization results will be presented to distinguish
morphology optimization processes between these two additives. In particular, transmission
electronic microscopy (TEM), UV-visible absorption and grazing incidence wide-angle x-ray
scattering (GIWAXS) are used to characterize the thin-film morphology, and small angle neutron
scattering (SANS) and solution UV-visible absorption spectroscopy are conducted to understand

changes in solution-stage polymer conformations.

3.2 Experimental

3.2.1 Device Fabrication

PBDTP-DPP (and the other polymers reported here) and PC7:BM were co-dissolved in CF
with a weight ratio of 1:2 at a concentration of 8 mg/mL. Mixed solvents with different volume
ratios of DIO and DCB were used to further improve the final device performance. ITO-coated
glass substrates (15Q/cm?) were cleaned stepwise in detergent, water, acetone, and isopropyl
alcohol under ultrasonication for 15 minutes each, and subsequently dried in an oven for five

hours. A thin layer (~30 nm) of PEDOT:PSS (Baytron P VP Al 4083) was spin-coated onto the
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ITO surface, which was pretreated by ultraviolet ozone for 15 minutes. After being baked at
120 <C for approximately 20 minutes, the substrates were transferred into a nitrogen-filled
glove box (<0.1 ppm O, and H,0). A polymer/PC71BM composite layer (ca. 100 nm thick) was
then spin-cast from the blend solutions at 3000 rpm on the ITO/PEDOT: PSS substrate without
further special treatments. Then the film was transferred into a thermal evaporator, which was
located in the same glove box. A calcium layer (20 nm) and an aluminum layer (100 nm) were
deposited in sequence under a vacuum of 2 x 10° torr. The active area of the device was

measured to be 0.10 cm?.

3.2.2 Device Characterization

The fabricated devices were encapsulated in a nitrogen-filled glovebox by UV epoxy and
a cover glass. The current density-voltage (J-V) curves were measured using a Keithley 2400
source-measure unit. The photocurrent was measured under AM 1.5 G illumination at 100
mW/cm? under the Newport Thermal Oriel 91192 1000W solar simulator (4 in. x4 in. beam
size). External quantum efficiencies (EQES) were measured using a lock-in amplifier (SR830,
Stanford Research Systems) with a current preamplifier (SR570, Stanford Research Systems)
under short-circuit conditions. The devices were illuminated by monochromatic light from a
xenon lamp passing through a monochromator (SpectraPro-2150i, Acton Research Corporation)
with a typical intensity of 10 pW. Prior to imposing the incident beam on the device, the
monochromic incident beam was chopped with a mechanical chopper that was connected to the

lock-in amplifier, and then focused on the testing pixel of the device. The photocurrent signal
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was then amplified by the SR570 and detected by the SR830. A calibrated monocrystal silicon

diode with a known spectral response was used as a reference.

3.2.3 Morphology Characterization

Grazing Incidence Wide-Angle X-ray Scattering (GIWAXS): GIWAXS measurements were
performed at the 8ID-E beam line at the Advanced Photon Source (APS), Argonne National
Laboratory (ANL) using x-rays with a wavelength of A = 1.6868 A and a beam size of 200 pm (h)
by 20 pm (v). To ensure comparable results to those of OPV devices, the measured samples were
prepared on silicon substrates modified by PEDOT:PSS under the same conditions as those used
for fabrication of solar cell devices. A 2-D PILATUS 1M-F detector was used to capture the
scattering patterns and was situated 204 mm from samples. The background of the line cuts was
estimated by fitting two exponential functions, and the parameters of the scattering peaks were

obtained through the best fitting line using a Pseudo-Voigt type 1 peak function.

Small Angle Neutron Scattering (SANS): PBDTP-DPP was dissolved in a mixed solution of
deuterated chlorobenzene (C¢DsCl) and PC71BM (8 mg/ml) to make a 4 mg/ml solution. SANS
measurements of these mixed solutions were performed at HFIR GP-SANS (CG2), Oak Ridge
National Laboratory (ORNL) and NG7 30m SANS, National Institute of Standards and
Technology (NIST). Data was analyzed by the fractal model “® using the SANS analysis

[47]

package """ provided by NCNR, NIST after background subtraction using a mixed solution of

deuterated chlorobenzene (CsDsCl) and PC;:BM (8 mg/ml).
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Absorption Spectrum: Absorption measurements were performed on a Hitachi U-4100
Spectrumphotometer on films with an ITO/PEDOT/Active layer configuration in the wavelength
range of 300 nm-900 nm. Solution absorption spectra were measured with the polymers

dissolved in CF solution with different additives and under different concentration conditions.

TEM measurement: TEM (Transmission Electron Microscopy) was conducted on the Model
JEM 1200-EX instrument with C,=1.9 at an accelerating voltage of 80 kV on thin films of
polymer:fullerene blends processed with or without CN. The film thickness was the same as that
of the devices. The sample holder was a TEM GRID 400 MESH from Tedpella. Inc, with grid
hole size of 42 um and Carbon Type-B as the supporting film. The bright-field images were

taken with a magnification of 150K.

Mobility measurement: Hole and electron mobilities was measured using the space charge
limited current model (SCLC) ,with diode configuration of ITO/PEDOT:PSS/polymer:PC71BM/
Au or ITO/Al/polymer:PC71BM/Ca/Al by taking current-voltage curves in the range of 0-6 V
and fitting the results to a space charge limited form, described by J= (8/9) & & pe (VZ/L®),where
go IS the permittivity of free space, & is the dielectric constant of the polymer, pe is the hole
mobility, V is the voltage drop across the device and L is the polymer thickness. The dielectric
constant & was assumed to be 3, which is a typical value for conjugated polymers or fullerenes.

The thickness of the films was measured with a Dektek profilometer.
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3.3 Results and Discussion

3.3.1 Device performance

Both the synthesis and characterization of PBDTP-DPP have been described elsewhere.*!

The chemical structure of PBDTP-DPP is shown in Figure 3.1.

Figure 3.1 Chemical structure of PBDTP-DPP

The solar cells fabricated from different solvent mixture conditions are characterized by
current-voltage (J-V) measurements. Figures 3.2 and 3.3 present the variations of the short-
circuit current (Jic) and the device efficiency with different volume percentages of solvent
additives in CF solvent. The data points and error bars are derived from at least eight devices

fabricated under each condition.
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Figure 3.2 Variations of short-circuit current density (Jsc) of PBDTP-DPP: PC;;BM blend thin-film

cells with different amounts of DIO and DCB additives in CF solution.
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Figure 3.3 Variation of efficiency of PBDTP-DPP:PC,;BM blend thin-film cells with different

amounts of DIO and DCB additives in CF solution.

As shown in Figure 3.2 and 3.3, the best device efficiencies were achieved under CF-1%
DIO (PCE 5.8%) and CF-3% DCB (PCE 6.6%), while the devices fabricated from pure CF
exhibited only 1.5% PCE. The corresponding J-V curves are shown in Figure 3.4 and the related

performance parameters are summarized in Table 3.1.

74



o W o O
LJ "

|}
»
T 7

Jsc (mA/cmz)
&

1
(Lo
T 7

/) f—m=1% DIO

A = 10% DIO
15 e it = 3% DCB
—=—=50% DCB
= 80% DCB

-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Voltage (v)

Figure 3.4 Variation of current-voltage curve of PBDTP-DPP:PC,;BM blend thin-film cells with

different amount of DIO and DCB additives in CF solution

Table 3.1 Parameters related to PBDTP-DPP: PC71BM BHJ device at optimum condition

Solvent PCE Voc[V] Jsc FF Hole Mobility
Composition [%] [mA/cm? | [%] [cm%(V*S)]
CF 15 0.78 3.47 57 9.04*10°
CF-DIO (1%) 5.84 0.75 12.3 62 2.87*10™
CF-DCB (3%) 6.62 0.76 14.60 60 9.79*10™

The active layer thickness was ~120 nm in all fabricated devices. Figure 3.5 shows the
external quantum efficiency (EQE) curves of the three devices made from CF only, CF-1% DIO,
and CF-3% DCB mixture.
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Figure 3.5 Variations of EQE curve of PBDTP-DPP: PC;;:BM blend thin-film cells with different

amount of DIO and DCB additives in CF solution

The carrier mobility was measured by SCLC, with the log J vs. Log V curves shown in

Figure. 3.6.
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Figure 3.6 J-V curves of PBDTP-DPP:PCBM blend films in hole-only device from the SCLC model.

The peak EQE value increases from 15% in the CF device to 47% in the CF-1% DIO
device, and the maximum EQE further increases to 57% in the CF-3% DCB device. Furthermore,
the EQE shape changes as the peak position shifts from 460 nm to ~700 nm, thus the biggest
improvements are in the long wavelength region. The significantly enhanced long wavelength
response, particularly the clear shoulders at ~770 nm, along with the GIWAXS data shown later,
indicate enhanced polymer crystallinity in the active layer. The CF-DCB devices outperformed
the CF-DIO samples in both PCE and effective solvent additive working window (the range of
DIO or DCB additive amount allowed in CF while maintaining high efficiency) as shown in
Figure 3.2 and 3.3. The much wider working window of CF-DCB (over 4.5% PCE with 1-80%
volume percentage of DCB) compared to that of CF-DIO (less than 3% PCE when approaching

and beyond 10% DIO) suggests there might be a different working mechanism for morphology
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evolution. The significantly wider solvent mixture operation window of CF-DCB could be
beneficial in industrial settings, as less restriction and care are needed during solution

preparation.

3.3.2 Thin-film morphology study by TEM
The morphology of active layer was first studied using TEM. P21 An image of a

polymer:fullerene film from the CF-only solution is shown in Figure 3.7(a) with relatively coarse

domains of size ~200 nm.

Figure 3.7 TEM images of thin-film PBDTP-DPP: PC;;BM blend cast from solutions of (a) CF only

(b) 1% DIO in CF and (c) 3% DCB in CF.

When 1% DIO (CF-1% DIO, Figure 3.7 (b)) and 3% DCB was added into CF (CF-3%

DCB, Figure 3.7(c)), fibrillar-structured polymer domains were observed in both cases,
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indicating the formation of ordered polymer domains, which facilitate carrier transport. °'15!

This result is consistent with the corresponding device performance mentioned previously.

3.3.3 Thin-film morphology study by photoluminescence (PL)

PL results from films made with different solvent mixtures are shown in Figure 3.8. The
degree of PL quenching is significantly increased by adding 1% DIO and 3% DCB, indicating
enhanced exciton dissociation efficiencies with additives. This is consistent with improved
device performances obtained under these two conditions. However, further increasing the DCB
content (80% DCB) leads to increased PL intensity, suggesting that the polymer domain size
exceeds the exciton diffusion length, making excitons recombine before reaching polymer &
fullerene interface. ) In the 100% DCB case, the polymer correlation length (190 A in Table 3.2)
becomes too large for efficient exciton dissociation and gives rise to much stronger PL signals
than all the other situations in Figure 3.8. This explains why CF, instead of DCB, is used as the

main solvent for this polymer system in the first place.
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Figure 3.8 Variation of PL of PBDTP-DPP:PC;;:BM blend thin-film cells with different amount of

DIO and DCB additives in CF solution

3.3.4 Thin-film morphology study by GIWAXS
In order to investigate the morphology at the molecular level, GIWAXS measurements
(Figure 3.9 and Table 3.1) were conducted to obtain information on polymer chain packing,

crystallite size and orientation distribution in the films. %37
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Figure 3.9 2-D GIWAXS patterns for (a) PBDTP-DPP only thin film cast from CF (b) PC;;BM only
thin film cast from CF (c) PBDTP-DPP: PC,;BM blend thin film cast from CF (d) PBDTP-DPP:
PC;:BM blend thin film cast from 1% DIO in CF (¢) PBDTP-DPP: PC;BM thin film cast from 3%

DCBin CF

Figure 3.9(a) and (b) show the 2-D GIWAXS patterns of the polymer-only and PC7;BM-
only films. For PBDTP-DPP-only film, a pronounced peak centering at 1.55+0.05 A™ in the q,
direction was observed, indicating that n-mt stacking of polymer chains along the out-of-plane
(OOP) direction follows a ‘face-on’ manner. Figure 3.9(b) shows the 2-D GIWAXS pattern of
PC; BM-only film cast from CF. Here, three characteristic peaks centering at 0.72+0.02 A™,

1.29+0.04 A and 1.86+0.06 A" were observed, representing PC7,BM.*]
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Table 3.2 summarizes the parameters extracted from intensity linecuts along both the in-

plane (IP) direction (qy) and out-of-plane (OOP) direction (qy).

Table 3.2 Parameters extracted from 2-D GIWAXS profiles PBDTP-DPP:PC7,BM thin
film case from different solution compositions

Solvent Qy Lamellar Qy PBDTP-DPP z n-n Qz PC71BM
Composition WA Spacing FWHM Lamellar (VA) Spacing | FWHM | Correlation
A Correlation A Length
Length (A) A
PBDTP-DPP in 0.31540.009 19.940.6 0.065 91 1.5540.05 4.140.2
CF
PC;;:BM in CF 1.2940.04 0.26 23
PBDDTP- 0.32440.009 19.440.6 0.066 89 1.5540.05 4.140.2 0.31 19
DPP:PCBM in
CF
PBDTP- 0.32940.009 19.140.6 0.049 121 1.5940.05 4.040.2 0.31 19
DPP:PCBM in CF
1%DIO
PBDTP- 0.33240.009 18.940.6 0.052 114 1.6040.05 3.940.2 0.29 20
DPP:PCBM in CF
3%DCB
PBDTP- 0.31140.009 20.240.6 0.032 190 1.5540.05 4.140.2 0.36 16
DPP :PCBM in
DCB

The polymer packing information in the blend films cast from various solvent systems
were also studied. Figure 3.9(c), (d) and (e) show the 2-D GIWAXS patterns of polymer:
PC7BM-blend films cast from solutions of CF-only, CF-1% DIO and CF-3% DCB, respectively.
For all cases listed in Table 3.2, the variations in the n-m spacing are within the experimental
resolution limit, suggesting no significant change in n-n stacking of polymer chains in the films
cast from different solvent mixtures. However, the lamellar correlation length (defining the
crystalline region area) of PBDTP-DPP in the blend film B34 increases from 89 A in CF-only
case, to 121 A in CF-1% DIO, and to 114 A in CF-3% DCB. This demonstrates that PBDTP-
DPP polymer chains are more ordered in the blend films cast from the mixed solvent systems.
The largest correlation length of PBDTP-DPP is 190 A from the pure DCB solvent cast film.

Ultimately, the GIWAXS results reveal that the PBDTP-DPP polymers form a proper domain
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size with the correlation length of 110 - 120 A in blend film cast from both CF-1% DIO and CF-

3% DCB solvent mixtures.*”

3.3.5 Solution morphology study by SANS

To better understand the differences in the two solvent mixture systems, small angle
neutron scattering (SANS) was performed to investigate polymer conformation in the solution
state.’”** Figure 3.10 shows the Kratky curves of PBDTP-DPP polymers in the mixed solvent

systems, based on Porod-Debye approximations.*” Kratky curves !

were plotted for
qualitatively assessing polymer chain conformations in solution, based on the fact that neutrons
are scattered distinctly by polymers assuming different shapes. In CF and CF-10% DIO
solutions, parabolic decay relationships were acquired, indicting tightly folded, round polymer
conformations. In contrast, a hyperbolic decay is observed for the CF-80% DCB case, indicating
an unfolded structure.*! Kratky curves demonstrated that polymers chains are relatively coiled

and folded in CF and CF-DIO solution, while in CF-DCB solution, they are well stretched and

extending along the main chain direction.
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Figure 3.10 Kratky plots of PBDTP-DPP in solutions of (a) CF only (b) 10% DIO in CF and (c) 80%

DCB in CF.

3.3.6 Solution morphology study by absorption spectroscopy

Variations in the position, intensity, and shape of the absorption spectra can also be a useful
measure of polymer conformations in different solvents. UV-vis spectra of the dilute solutions
(0.05 wt.%) and films cast from various CF-DIO/CF-DCB compositions are shown in Figure

3.11.
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Figure 3.11 Absorbance of PBDTP-DPP in dilute solution (0.05 wt.%) under different solvent

mixtures.

In CF-DIO solutions, as shown in Figure 3.11(a) and (b), the absorption peaks show no

significant shifts in the spectrum when DIO is gradually added to the CF solution, i.e., 765.0 nm

in CF-only, 766.1 nm in CF-1% DIO, and 767.2 nm in CF-10% DIO. In contrast, The CF-DCB

solution absorption results shown in Figure 3.11(c) and (d) exhibit noticeable redshifts in

comparison to CF (peak position at 765.0 nm): +8.9 nm (3% DCB in CF), +12.1 nm (50 % DCB

in CF), and +16.5 nm (80% DIO in CF). These red shifts of the absorption peak positions are

different from those in the CF-DIO solutions.
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In dilute solutions, polymer chains are separate from each other. As demonstrated earlier
by SANS, with increased DCB content in solution, the tight-folded backbone of a single polymer
chain in CF would gradually adjust its conformation to a well-extended structure, leading to an
increased conjugation length. This serves as a plausible explanation for the observed redshifts of

absorption peak position. **

Another possible explanation for the observed red-shift is solvatochromism.*

Solvatochromic shifts result from the fact that both polymers’ absorption and emission spectra
are strongly dependent on solvent polarity. Since the polarities of the ground and excited states of
a polymer chain are different, variations in solvent polarity will lead to different degrees of
stabilization of the ground and excited states, giving rise to a change in the energy gap between
these electronic states.*! The Lippert-Mataga equation has been widely used to assess
quantitatively the difference between the ground- and excited state dipole moments (Ap,) from
the shift in spectra. The equation gives a relationship based on the static dielectric constant (&)

and refractive index (n) of the solvents as follows: **!

=I
||

Z(A‘MJ Hz — 1
26 +1 4242

Where h, ¢, s and V are Planck’s constant, the speed of light, and the semi-major axis of an
ellipsoidal cavity containing the polymer chain, the spectral shift of the emission band

maximum, respectively.[*"
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If we assume <71 u7+2) is signifiable by X and i is a constant, then its value

equals to the slope of the plot of V vs. X. Through calculations based on this equation, we

obtained data points representing CF, CF-3% DCB, CF-50% DCB and CF-80% DCB, as shown

2(Au,)
in Figure 3.12, where line fitting results show that ~ i is -4.09E10™. 1*°!

0.00132
Equation y=a+b*x
Value Standard Error
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Figure 3.12 Wavenumber vs. X plots for PBDTP-DPP in CF-DCB solutions

2(Au)’

Through plugging the value of s into the Lippert-Mataga equation, we found that the

calculated positions (in wavelengths) of peaks shifted due to solvatochromism itself are 766.0

nm for CF-3% DCB ,774.2 nm for CF-50% DCB and 776.9 nm for CF-80% DCB, respectively.
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Therefore, the calculated red-shifts (in wavelengths) by solvatochromic effects alone are +1.0 nm
for CF-3% DCB, +9.2 nm for CF-50% DCB and +11.9 nm for CF-80% DCB."**! By comparing
the calculated results with the measured ones (+8.9 nm for CF-3% DCB, +12.1 nm for CF-50%
DCB, and +16.5 nm for CF-80% DCB), it appears that, in addition to the contributions from
solvents’ polarity, changes of polymer conformations are also responsible for causing the red-

shifts, even though this effect is less pronounced than that of solvatochromism.

Furthermore, a dramatic red-shift in Figure 3.12 is observed with the addition of 3% DCB
into CF, whose slope is significantly larger than those of changes caused by continuing adding
DCB (e.g. from CF-3% DCB to CF-50% DCB, CF-50% DCB to CF-80% DCB, etc.). This
indicates that the addition of 3% DCB might have already caused substantial conformation
changes of polymer chains, as their absorption spectra exhibit a much larger degree of red-shifts
than predicted by solvatochromic effects at this composition ratio. As changes from CF-3% DCB
to CF-50% DCB and from CF-50% DCB to CF-80% DCB are less drastic, it is reasonable to
assume that most coiled polymer chains in CF have already experienced chain-stretching with
3% DCB added, and further increasing DCB concentration will only lead to minor conformation
changes. This is also consistent with the wide additive operation window discussed earlier in this
chapter, within which the device performance is not significantly sensitive to DCB
concentration. As a result, red-shifts observed beyond 3% DCB are mostly likely caused by
solvatochromism, with their values closely following the trends described by Lippert-Mataga

equation.
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Given the discussions above, the solution absorption data are consistent with the SANS
data, as they both indicate the existence of polymer chain conformation changes from coiled to

unfolded structures with addition of DCB into CF. [

3.3.7 Morphology formation mechanism

Even though the working mechanism of DIO for morphology optimization has been
extensively studied since its discovery, there is still no definite answer to why DIO helps
morphology. Peet et al. proposed that through adding DIO, a pronounced difference in the
distribution of the three phases: polymer-rich domains, PCBM-rich domains and polymer:PCBM
domains (Figure 3.13) could explain the improved device performance.”” As the low boiling
point solvent (here CF) evaporates fast and leaves the system first during the film formation
process, the remaining solution is dominated by the slow-drying DIO ,which modifies the degree
of phase separation and local structural order in the resultant film, as shown in Figure
3.13.[71241126]

This explanation is consistent with the improved polymer structural order in CF-

DIO cases discussed earlier in this work. >4
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Figure 3.13 Proposed mechanisms for DIO in polymer/PCBM morphology control 2

Given the differences in polymer chain conformations between CF-DIO and CF-DCB
solutions demonstrated by SANS and absorption spectroscopy, here we are going to explain this
interesting phenomenon in terms of interactions between solute functional groups and solvent

molecules.

CF belongs to the category of non-aromatic solvents. According to the principle of “like

dissolves like”, [38]

it will solvate the unconjugated segments of polymers such as solubilizing
side chains. In contrast, CF would tend to avoid contact with the aromatic main chains, whose
chemical structure is significantly different. As a result, when dissolved in CF, the polymer main
chains are expected to coil to maximize the interaction between non-conjugated side chains and
non-conjugated solvents, while minimizing the contact between aromatic segments and

[44

nonaromatic CF molecules.*"*! This scenario is shown schematically in Figure. 3.14.

90



H Strong interaction
<

B
| \_\é Non-Aromatic side chain
Congl 3

7
CI \ Weak interaction . _
CI — — | O Aromatic backbone

Non-aromatic solvent

CF solution

© %%

Coiled chains due to preferential solvent
solvation of side chain

Figure 3.14 Schematic presentations of polymer/CF interactions and the resultant polymer chain

conformations

In contrast, DCB is an aromatic solvent, thus exhibits a stronger tendency to interact with
the aromatic segments (backbones of polymer chains) than side chains.***! Therefore, adding
DCB into CF will induce the polymer chain conformation changes, from tightly folded coils in

CF to unfolded and stretched structure in CF-DCB solutions, as interpreted in Figure 3.15.

91



CI Weak interaction

C| ((E: Non-Aromatic side chain

Strong interaction vy

< - |- M Aromatic backbone

( 0

Aromatic solvent Ny g_\—\
5 ,.

DCB
s @ 0. ® 'Y K J |
.

000®® 000 000
Stretched chains due to preferential
solvent solvation of main chain ?&}

Figure 3.15 Schematic presentations of polymer/DCB interactions and the resultant polymer chain

conformations

The assumption that solution-stage polymer conformations have a profound influence on
the properties of as-cast thin film is proposed by Schwartz et al; [*! they suggest that open and
well-extended conformations of polymer chains in solution have a high tendency to survive into
the as-cast thin-films; polymer chains keep a memory of their spatial arrangements though the

film casting process. [44-47]

During the solvent removal stage, CF leaves the system first due to its relatively low
boiling point. The slower evaporation of high-boiling point solvent DCB allows more time for

polymers to organize themselves, thus these well-extended chains exhibit a high tendency to
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preserve their solution-stage configurations into the as-cast thin-films, where they form

crystalline regions. [** Schematic illustration of this process is shown below in Figure 3.16.

5 CF-DCB

Y/

Solvent removal ////
80 >

* Boiling points:

\\\

DCB 181°C
CF61°C
Film ly
* Slow evaporation of DCB allow plenty
time for stretched chains to pack into Substrate

crystalline region in film

» Consistent with wide operation window

Figure 3.16 Schematic presentations of solution to film transition process

Since most CF evaporates out of the system first, DCB controls the properties of remaining
solution, regardless of the amount initially added in solution. This agrees well with its wide
additive operation window (up to 80% in volume ratio) in the solvent system. However, using

DCB alone as the main solvent, as discussed earlier, will induce those larger-than-proper
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crystallites (190 A in terms of correlation length), where the exciton dissociation (at the donor
acceptor interface, prefer a smaller domain size) and charge carrier transport (prefers a large
crystallite size) are not balanced. ***) The corresponding DCB-only device exhibits J. of only
6 mA/cm® and a PCE less than 2%. As a result, in this work, DCB is more suitable to be used as

a solvent additive than the main processing solvent.

3.4 Conclusion

In summary, both CF-DIO and CF-DCB systems are effective in improving the nanoscale
morphology, particularly in enhancing polymer packing order in PBDTP-DPP: PC7,BM OPV
devices. Our results provide clear evidences of two distinct morphology optimization
mechanisms in these solvent mixture systems. SANS and UV-vis absorption spectra indicate the
existence of folded, coiled polymer chains in CF-DIO solution, while polymer chains are well-

extended in CF-DCB solution. *!

Differences in polymer conformations could be explained by solute-solvent interactions,
which are strongly chemical-structure dependent. Polymer chains are folded in CF in order to
avoid unfavorable contact between aromatic backbones and non-aromatic CF molecules. Based
on the chemical structure of DIO, it is reasonable to argue that DIO probably did substantially
modify polymer conformation when added into CF solution. In contrast, addition of DCB would
cause polymer chains to stretch in order to maximize the preferred interactions between

backbones and aromatic DCB molecules. *¥!

During solvent removal stage, the long drying period and preferential solubility of PCBM

of DIO modifies the degree of phase-separation, which further facilitates polymer crystallization.
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On the other hand, the slow evaporation of high-boiling DCB allows more time for polymer
organization and facilitates the preservation of these stretched-chains formed in CF-DCB

solutions into the as-cast thin-films, where they form crystalline regions. 1**

As a result, the mechanism of morphology control by DCB is well-connected to the much
wider solvent additive operation window (up to 80%) in CF-DCB system, which is expected to

be a valuable piece of processing information for OPV fabrication.
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Chapter 4 Future work and perspectives

One point worth considering in the future is to fully explore the applicability of other
advanced characterization tools, such as in-situ and cryogenic techniques to fully monitor the

complete dynamic film-formation process for deeper understanding.

Another important aspect of future work is to see how well apply these principles applies
to other systems. Given the convincing evidence obtained on these representative low-band-gap
polymers, which share the common features, we believe the morphology optimization process

described in this work will be of great potential for future applications.

With the urgent need to integrate current research-stage OPVs into industrial scale mass
production, the result in this work could serve as a guiding for materials synthesis and solvent
selection to satisfy the high-standards of industry for the ultimate goal of achieving a highly cost-

productive, environmental-friendly OPV fabrication process.
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