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Chapter 1.

General Introduction

1.1. Background and motivation

Organic semiconductors had been active materials for a wide variety of organic electronics
applications such as xerography, organic lasers, electrochromic devices, organic thin-film
transistors (OTFTSs), organic light-emitting diodes (OLEDs), organic photovoltaics (OPVSs),
circuit inks, and sensors.'”” The wide range of applicability is rooted in its tunable properties in
a scale of molecules to a macroscopic device. This tunability brings continuous development
in each new class of organic semiconductors from amorphous molecular crystals to conductive
polymers. The development of conductive polymers was started from the discovery in 1977 by
Heeger, MacDiarmid, and Shirakawa that high conductivity could be attained by using doped
n-conjugated polymers.® Later, on the 1980s, the importance of the undoped conjugated
polymers started to emerge due to excellent stability in air and the charge transporting ability,

polythiophene for OTFTs,® and polyphenylenevinylene (PPV) for OLEDs.°

1.1.1. Microstructures of conjugated polymer

Microstructures of conjugated polymers vary in chain conformations and molecular packing
due to the weak bonding and high degree of conformational freedom. This nature of conjugated
polymer leads to the coexistence of two distinctive regions, disordered (amorphous) and
ordered!! (Figure 1-1). The ordered region can be divided into two categories based on the
range, long-range  ordered  (crystallites/crystalline), or  short-range  ordered

(aggregates/aggregation).



The amorphous regions are the region that only contains disorder chains. Disorder chains
are bent chains or entangled between each other chains. Due to its disordered polymer chains.
This region has a larger bandgap compared to the ordered one.!

The crystallites are the ordered region, which comprises of packs of ordered lamellas. These
lamellas are consist of co-facially stacked chains that exhibit z-orbital overlap. The size of
crystallites is calculated from the scattering of the X-ray characterization result. The length is
about in several to tens of nanometers in z-stacking direction'2,

The definition of aggregates is still unclear. Duong et al. suggested that aggregates are
defined as z-conjugated segments that do not participate in the lamellar stacking.'® In the
specific report about locally-ordered conjugated polymer, Noriega defined aggregates as
ordered structures with a smaller size than crystallites.!? The agreeable opinion about aggregate
is that it consists of a z-conjugated polymer chain segment. Some aggregates which having
enough z-conjugated segments can be detected by strong X-ray diffraction peak. Some others
give a weak or can not give any diffraction peak. However, both conditions can give a

characteristic of photophysical properties, which are different from the disordered chain.'41®

1.1.2. Classes of conjugated polymers

Nowadays, conjugated polymers can be classified into three classes based on the film state
microstructures: Highly-ordered conjugated polymers, amorphous conjugated polymers, and
weakly-ordered conjugated polymers (Figure 1-1). Highly-ordered conjugated polymers are a
class of polymers which comprise of largely-developed crystallites region. Amorphous
conjugated polymers are consist of complete disorder chains. Weakly-ordered conjugated
polymers have structural features between amorphous and highly-ordered semicrystalline
counterparts. They consist of aggregates and amorphous chains. The weakly-ordered

conjugated polymers in this class are based on donor-acceptor copolymer architecture.?
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Figure 1-1. Hlustration of microstructures of conjugated polymer thin films, (a) Highly-ordered
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semicrystalline, (b) completely amorphous, and (c) weakly-ordered semicrystalline. When the molecular
weight is high enough, and the device contains a high fraction of ordered structure, the long polymer
chains (red-solid line) would connect the ordered region without losing conjugation and transporting

charges.

1.1.3. Charge transport in conjugated polymers

Charge transport in the ordered region was depicted in Figure 1-2. Charge transfer integral
is the highest in the chain backbone direction, followed by z-stacking direction, and then it is
the lowest in the side-chain direction.*”®

If the distance between neighboring order regions is only a few persistence lengths, the
chains connecting them should not suffer from large bends and retain conjugation. Such chain
segments even lie in the amorphous region and do not belong to one of the ordered regions, act
as tie-chains that provide efficient charge transport path between the ordered regions*! (Figure
1-1c).

In the amorphous region, the electronic traps exist as the effect of tilted monomer, significant
bent of polymer chains, or from entangled polymer chain. The charges in the trap states need
some amount of energy to overcome the energetic barrier between trap states to the conducting

states.



Therefore, in the semicrystalline conjugated polymers, the ordered regions are highly
responsible for charge transport. Long-range and high-oriented ordered structures are favorable

for charge transport in the device scale level.!!

lamellar-stacking: (b)
slow charge
(a) transport

Chain backbone:
fastest charge
transport

Tr-stacking:
fast charge
transport
Aggregates of polymer
e.g. RR-P3HT substrate

T - 1 edge-on
packing motif

Figure 1-2. lllustration of charge transport in conjugated polymer thin films

1.2. Research purpose

Based on excellent charge transport property in the ordered structure, a class of highly-
ordered conjugated polymers shows high charge transport property. On the other hand, some
members of the weakly-ordered conjugated polymers class are also shown high charge transport
mobility.* In this regard, both classes of conjugated polymer with the different microstructure
characteristics (long-range order: highly ordered conjugated polymer class, short-range order:
weakly-ordered conjugated polymer class) are essential subjects for the development of
polymer semiconductors.

A long-time study of the highly-ordered conjugated polymer has resulted in the rich
knowledge of the structure-function relationship to improve the charge transport. However, the
knowledge and strategies are not directly transferable to the weakly-ordered conjugated

polymer systems.'® For example, the long-range ordered structures must attain high charge



transport in the highly-ordered conjugated polymer. However, short-range ordered structures,
which are characteristic for weakly-ordered conjugated polymers, were also proved to support
high charge transport.2> Why and how the short-range ordered structures can support efficient
charge transport is the question that needs to be answered to optimize the potential of the
weakly-ordered conjugated polymer.

This thesis aims to investigate the microstructures and charge transport of weakly-ordered
conjugated polymer thin films. This thesis focuses on aggregates (short-range ordered

structures) of hole-transport and electron transport polymer in the neat films and blends films.

1.3. General approach to characterize microstructures and charge transport in thin

films of conjugated polymers

Grazing Incidence Wide-Angle Scattering (GIWAX)

As has been mention before in the previous section, the charge transport of semicrystalline
conjugated polymers is highly correlated with the ordered domains. These domains are consist
of long-range ordering in each direction

Optical microscopy, atomic force microscopy (AFM), and scanning electron microscopy
(SEM) provide an overview of the surface structure on a larger scale. However, several films
of conjugated polymers show a structural difference between the surface and the internal
film.2-2% In the OPVs application, the Donor/Acceptor interface and the ordered structure in
the internal films are the significant parameters that dictate the overall device performance.
Therefore, the characterization of the internal structure is required.

Grazing incidence small-angle scattering (GISAXS) and (GIWAXS) are the X-ray scattering
techniques to characterize the internal film structure in the nanometer scale and the molecular

scale, respectively.?>28 The 2D detector provides scattering intensity in the horizontal and



vertical direction, which enables us to measure the degree of crystallinity, the size, and the
orientation of the ordered structure.

The scattering intensity pattern in both directions carries structural information. The center
position q of the scattering peaks bring the information of the spacing d of molecular packing
and stacking according to Equation 1-1.

_271
q

d Equation 1-1

The full width at half maximum (FWHM) of scattering peaks carries the information of
coherence length L. based on the Scherrer equation (Equation 1-2, where K is the shape
factor).2"%8

2K

— Equation 1-2
¢ FWHM

UV-visible spectroscopy

UV-visible absorption spectroscopy is able to reveal the formation of aggregates, short-range
ordering, which are characteristic of structure for charge transport in the weakly-ordered
conjugated polymers. The shape of the absorption spectrum varies depending on the
conformation of polymer chains, disordered and ordered structure.?® Therefore, the change in
the degree of disorder and order of polymer chains can be estimated from the shape and intensity
of the spectra.

The absorption spectra of semicrystalline polymers consisted of two contributions,
amorphous at the shorter wavelength formed by intra-chain interaction and crystalline at the
longer wavelength formed by inter-chain interaction, such as H-aggregate states.* In the longer
wavelength, two prominent peaks exist. The ratio of these peaks has been popularly used to
measure the exciton bandwidth of highly-ordered semicrystalline Regioreguler Poly(3-

hexylthiophene-2,5-diyl) (RR-P3HT).3! By the exciton bandwidth, the conjugation length of



the polymer, which correlates with the charge transport, can be estimated based on the
empirical®? and modeling®® correlation approach. In short, the knowledge on how the
absorptions describe aggregates of highly-ordered RR-P3HT has been known in this research
field. However, the knowledge of highly-ordered conjugated polymers is still limited for the

weakly-ordered polymers

Macroscopic current-voltage characterization

The mobility of the charge carrier is the key parameter to describe the charge transport
property of polymer films. An ideal current-voltage characteristic of conjugated polymers
shows two regions: the ohmic region and space charge limited region (SCLC) (Figure 1-3).
Both regions can be differentiated by a slope. The ohmic region shows slope 1, and the SCLC
region shows slope 2. The transition from ohmic to SCLC region takes place at a specific
voltage termed as threshold voltage V1. The simplest SCLC model is the classical Mott-Gunrey
law (Equation 1-3):

9 12

J=gen

Jo Equation 1-3
8 L3

Jis current density, ¢ is permittivity, Vo is applied voltage, L is film thickness, and p is mobility.

1000

100
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Figure 1-3. Ideal current-voltage characteristics of conducting polymer diode3*
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For polymers with shallow traps and energetically disordered, the mobility varies with the
electric field, and the SCLC region has a slope higher than 2. The SCLC model fit for these
polymers is:

9 4 (0.89yVE Equation 1-4
J = = euy — (0-897VE) q

8 L3
Where Lo is mobility at zero electric fields, E is the electric field, and y is a fitting parameter
which is related to the characteristic of the polymers (the higher the y, the higher the energetic

disorder of the polymer)®.

Conductive-Atomic Force Microscopy (C-AFM)
C-AFM is an analytical tool for the characterization of local charge transport properties in a
nanometer-scale resolution. In this approach, the electrode coated probe acts as an electrode to

inject or collect charges from the surface of the film

(

®
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Figure 1-4). The probe is moved along the surface of the materials while taking current and
topographical data from each point. The collected information on surface topography and
charge current is collected and processed by the software to produce topographic and current
images simultaneously. The resulting image can have a resolution better than 20 nm. This

nanoscale resolution is an advantage to draw local-current characteristics of conjugated
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polymer films. This advantage enables us to directly correlating morphological and

macroscopic characterization. 3/
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Figure 1-4. The schematic principle of C-AFM measurement

1.4. Outline of the thesis

This thesis aims to investigate the microstructures and charge transport of weakly-ordered
conjugated polymer thin films. The conjugated polymers used in this thesis were electron donor
(hole transporting) polymer in chapter 2 and 3, and the electron acceptor (electron-transporting)
polymer in chapter 3 (Figure 1-5). The chapters relate ene-te-anether in the manner shown in
Figure 1-5. The thesis consists of five chapters. The first chapter describes the background and
motivation of the thesis: Microstructures of conjugated polymers, charge transport of
conjugated polymers, and general approaches to characterize microstructures and charge
transport in thin films of the conjugated polymers.

In chapter 2, The effect of aggregates on the charge transport of the weakly-ordered
conjugated donor polymer has been investigated. The change in the microstructures at the
segmental level of polymer chains was characterized by the analysis of UV-visible absorption

spectra. The UV-visible absorption of the polymer film consists of two contributions,



amorphous and aggregates. The intensity ratio between these two contributions represents the
relative fraction of aggregates to the amorphous structure inside the film. The increase of the
fraction of aggregate leads to an increase in hole mobility. This positive correlation indicates
that aggregates are an important structure for charge transport, where a higher fraction of
aggregates in the films leads to better charge transport.

Chapter 3 discusses the change of microstructures and the hole transport in a blend film of
conjugated polymers. The results from UV-visible absorption spectra analysis and XRD
measurement indicated that the fraction and the size of aggregates are increased by blending.
The C-AFM current images revealed that the interconnected enhanced aggregation of donor
polymer provided higher current than in the neat film.

Chapter 4 focuses on the microstructures and electron transport of the conjugated acceptor
polymer thin film. Firstly, a shallow work-function electrode was beirg developed by using a
polymer-based surface modifier. The local electrical conductivity was visualized for thin films
of small molecule, Perylene-diimide (PDI) based dimer, and polymer acceptors by C-AFM,
using a modified substrate as an electron-injecting electrode. Densely and homogeneously
distributed small molecule nano-aggregates leads to the excellent and uniform electron
transport throughout the film. The introduction of the twisted dimeric structure of the PDI-
dimer resulted in the uniform morphology for electron transport, but the suppressed
intermolecular stacking resulted in the limited electron transport. On the other hand, polymer
acceptor P(PDI-2T) formed spatially inhomogeneous electron-conducting morphology
composed of relatively high conductive domains due to aggregation among conjugated polymer
chains. The current distribution images depicted the role of the local ordering and aggregation
behavior of the acceptor molecules in the electrically conductive properties of the films on a

macroscale.

10



Chapter 5 is the general conclusion for this thesis. This thesis clears the correlation between
microstructure and the charge transport of conjugated polymer thin films. An approach to
estimate the fraction of aggregates has been developed from the simple UV-visible absorption
spectroscopy. A mechanism of enhanced aggregation in polymer/polymer blend films was
proposed. The development of an electron injecting electrode combined with the C-AFM
approach enables to visualize electron transport characteristic of conjugated acceptor polymers.
These results will contribute to the further development of organic electronic devices made by

both conjugated donor and acceptor polymers.

Donor polymer/
matrix polymer
blend film

Acceptor polymer
neat film

Donor polymer
neat film

;) /:% A //% ) é/%
§\ §\ Sf-\

Chapter 2 Chapter 3 Chapter 4
* Hole-transport * Hole-transport * Electron transport
* Neat film * Blend film * Neat Film

Figure 1-5. Schematic illustration of the objects of each chapter in this thesis
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Chapter 2.
Microstructures and Hole Transport of Weakly-Ordered Conjugated

Polymer Film

2.1. Introduction

Conjugated polymers have attracted attention as critical materials for the thin-films
optoelectronic devices such as OPVs,! OLEDs,? and OTFTs.® Their color-tunability and
solution-based processing are suitable for low-cost, large-scale production. The ordered and
disordered structure of order-disorder polymer chains primarily impacts its charge-transporting
properties.*® Highly-ordered conjugated polymers are widely used in the organic electronic
application due to their high charge mobility. However, a recent class of weakly-ordered
conjugated polymers is gaining interest because they show comparable mobilities to the highly-
ordered polymers.*®

This seemingly contradictory feature of efficient charge transport property without forming
long-range ordered structures needs to be cleared. One of the critical parameters in this polymer
which might contribute to the high charge transport is the density of the aggregates. Not all the
aggregates can be detected by X-ray diffraction because of the scale limitation. However, all of
the aggregates can be detected by UV-vis absorption measurement from its vibrational spectra.
However, an approach to observing aggregates by absorption measurement is still limited.

PSBTBT (Figure 2-1) is one of the weakly-ordered conjugated polymers. PSBTBT has a
relatively shorter -z stacking distance, which is suitable for charge transport. It also has a broad
absorption band in the visible wavelengths, suitable for OPVs application’°.

The purpose of this chapter is to investigate the role of aggregate for the charge transport of

conjugated donor polymer neat film. The fraction of aggregate inside the film was estimated by
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analyzing UV-vis absorption measurement. The hole mobility of the film was extracted from
the J-V characteristics. Finally, the correlation between the fraction of aggregate and the hole

mobility was elucidated.

PSBTBT

e

B A

Figure 2-1. Chemical structure of PSBTBT

2.2. Experimental

2.2.1. Materials and sample preparation

Materials: Poly[4,4-bis(2-ethylhexyl)-dithieno[3,2-b:2’,3’-d]silole]-2,6-diyl-alt-(2,1,3-
benzothiadiazole)-4,7-diyl] (PSBTBT (Si-PCPDTBT), Mw = 50,000 g/mol, polydispersity

index (PDI) = 1.9) was purchased from Ossila Ltd.

Substrates: A quartz, a Si wafer (Yamanaka Hutech, Japan), and an indium-tin-oxide (flat ITO,
GEOMATEC, Japan) substrates were sequentially washed by ultrasonication with toluene,
acetone, and ethanol for 10 minutes for each solvent. The substrates were then treated by UV-

O3 cleaner after being dried by N2 flow.
Solution: The PSBTBT solution was prepared by dissolving PSBTBT in o-Dichlorobenzene

(DCB) under stirring at 95 °C for overnight. The solution concentration was adjusted to 0.005

mg/ml for absorption in the solution state and 10, 12, and 20 mg/ml for spin-coating.
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Polymer film: The PSBTBT solutions were spin-coated at 800 to 8000 rpm for 3 minutes on
quartz substrates inside the N»-filled glovebox. The film samples were dried in a vacuum

desiccator for 2 hours.

Hole-only device:

First, PEDOT:PSS (H. C. Starck, PH500) layer was prepared on the ITO substrate.
PEDOT:PSS solution was sonicated for 10 minutes and filtered by 0.45 um diameter-pores
filter. The solution was spin-coated at 400 rpm for 10 seconds, followed by 3000 rpm for 100
seconds. The PEDOT:PSS film was annealed at 140 °C for 10 minutes.

Second, The PSBTBT solutions were spin-coated at 800 to 8000 rpm for 3 minutes on
PEDOT:PSS substrates. Inside the N»-filled glovebox, the samples were dried in the vacuum
chamber for overnight.

Finally, MoOx (10 nm) and Au (100 nm) were deposited sequentially under vacuum (3 x 10°)

Pa.

2.2.2. Characterizations

UV-vis Absorption Measurement: UV-vis absorption was measured for PSBTBT films and
solution by UV-vis Spectrophotometer (V-770DS, JASCO, Japan). The absorption spectra of
films were measured at room temperature. The absorption spectra of the solution were measured
at a temperature from -5 to 145 °C. The solution temperature was controlled by computer-

controlled Peltier heating and cooling cuvette holder (ETCS-761, JASO, Japan).

Film Thickness Measurement: Film thickness was measured using contact mode Atomic Force

Microscopy (SPM-9700, Shimadzu Corp., Japan). The surface of each film was scratched by a
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sharp needle to expose the quartz substrate. The height difference between film and substrate

was defined as the film thickness.

Macroscopic J-V Measurement: Current density-voltage (J-V) characteristics were measured
for the hole-only device where film was sandwiched between ITO/PEDOT:PSS and MoOx/Au
electrodes. Samples were kept in the No-filled chamber at room temperature during the
measurement. The bias voltage was applied to PEDOT:PSS electrode by a direct-current

source/monitor (R6243, Advantest).

C-AFM Measurement: C-AFM measurement was performed by using Atomic Force
Microscopy (SPM-9900, Shimadzu Corp., Japan) in a contact mode with an Au-coated silicon
probe (PPP-CONTAuU, NANOSENSORS™, Switzerland; tip radius < 50 nm; spring constant
=0.2-0.25 N m?). Voltage bias was applied to the PEDOT:PSS electrode, and the probe was
grounded. The sample was being kept in the N> flow environment during the eurrent

measurement.
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2.3. Result and discussion

2.3.1. Optical characterization of PSBTBT in DCB solution
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Figure 2-2. UV-visible spectra of PSBTBT in DCB (C = 0.005 mg/ml) measured at -5 to 145 °C (or
from -5 to 145 °C); the arrow shows increasing (or decreasing) measurement temperature.

Figure 2-2 shows the UV-visible absorption spectra of PSBTBT in DCB at various
temperatures. The solution was measured stepwise from -5 °C (bluish color) to 145 °C (reddish
color). The peak position and the shape of the absorption spectra were gradually changing along
with the temperature measurement. The spectra from the two extreme temperatures showed
different spectral features (position and shape). The spectrum from -5 °C-temperature
measurement lies at a longer wavelength with two prominent peaks, while the spectrum from
145 °C-temperature measurement lies at a shorter wavelength with only one peak.

The change in the spectra represents the structural change of polymer chains at the segmental
level.® At low temperature, the polymer chains are expected to be the aggregated, and
planarized structures are disrupted to form disordered chains. Therefore, spectral change from
narrower to the broader shape reflects the change in chain conformation from aggregated to
more disordered condition.* The absorption at 145 °C was assigned to the contribution from

disordered PSBTBT chains.
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The term spectral decomposition is used in this thesis for a process to separate film or
solution absorption into two contributions, amorphous (disordered) and aggregates (ordered).
The spectral decomposition yielded the absorption of pure aggregates for each measurement
temperature in Figure A2-1 in the appendix. The same approach of using absorption measured
at high temperature as absorption of complete disordered, then use it to get a relative absorption
of aggregated spectra, has been reported by Clark et al.!2 This approach is based on the
isosbestic point in Figure 2-2 as the real evidence of structural transformation between

disordered and aggregated phase.*3

2.3.2.  Optical characterization of PSBTBT thin films
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Figure 2-3. UV-visible spectra of PSBTBT Films from various preparation conditions; the spectra were

normalized by the first peak from the longer wavelength.

Figure 2-3 is the UV-visible spectra of PSBTBT films from different spin-coating
conditions. In this thesis, the peak at the shorter and longer wavelength was represented by I,
and 1y, respectively. These two peaks are the peaks of total film absorption, and it was not the
peak of the pure aggregated structure. The intensity ratio of I; to I, was used to describe the

change in the structure of polymer chains. The black arrow in the figure shows a clear decrease
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in the relative intensity of I2. This change is related to the film preparation condition. The Films
prepared from low concentration and higher spin-coating speed gives lower > intensity.

The change in the shape of PSBTBT film absorption is related to the change in the
microstructures. Polymer films contain both amorphous (disordered) and aggregates (ordered
chain). Therefore, the film absorption in Figure 2-3 can be separated into contributions from
both amorphous chains at the shorter wavelength and aggregated chains at the longer
wavelength. Therefore the decrease in the relative intensity of 1> indicates that the fraction of

amorphous polymer chains decreases.

2.3.3. Calculation approach to estimate the fraction of aggregates in the films
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Figure 2-4. Correlation between l1/1; and fraction of aggregates.

Figure 2-4 shows the correlation between 11/1> and the fraction of aggregates. The value of
11/ was calculated from the absorption intensity ratio of each PSBTBT film. The fraction of
aggregates was calculated by spectral decomposition for the corresponding PSBTBT film.

Figure 2-4 shows when 11/l> increases, the aggregates increase. This trend is coming from

the fact that I peak intensity includes the amorphous contribution So that when the amorphous
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contribution becomes lower and the aggregate contribution becomes higher, and the value of

11/12is increasing.

2.3.4.  Hole mobility of PSBTBT thin films
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Figure 2-5. Correlation between the fraction of aggregates and macroscopic hole mobility. Macroscopic
hole mobility was extracted from the field-effect SCLC model based on Equation 1-4.

Figure 2-5 shows the correlation between the fraction of aggregate and macroscopic hole
mobility. The hole mobility was extracted from the J-V characteristics of each sample. One
example is shown in Figure A2-4. The figures show a positive correlation where a higher
fraction of aggregate leads to higher hole mobility. In conclusion, the ordering at the segmental

level (aggregates) supports the charge transport.

2.4. Conclusions

In this chapter, the role of aggregates on the charge transport property of the weakly-ordered
conjugated donor polymer has been cleared. The fraction of aggregate has been estimated by
analyzing UV-vis spectra of PSBTBT neat films prepared by various spin-coating conditions.
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the fraction of aggregate and I1/l> shows a positive correlation: the increase in the value of 11/l
from 1.0 to 1.2 corresponding to an increase in the fraction of aggregate from 0.26 to 0.34. Hole
mobility extracted from the J-V characteristic also shows a positive correlation: The increase in
the fraction of aggregate corresponded to an increase of hole mobility from 1.89x10° to
1.53x10* cm?/Vs. This positive correlation indicates that aggregates are important for charge
transport: where a higher fraction of aggregates in the films would lead to better charge

transport (Figure 2-6).
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Figure 2-6. Illustration of charge transport through the weakly-ordered conjugated polymer films with

¥Way

(@) low fraction of aggregate and (b) high fraction of aggregate.
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Chapter 3.

Microstructures and Hole Transport of Polymer/Polymer Blend Films

3.1. Introduction

The performance of flexible and printable electronic devices, such as organic field-effect
organic solar cells (OSCs)*®, and transistors (OFETs)Y built from solution-processed thin
films of conjugated polymers, have enhanced significantly in recent years. For more than a
decade, the research has primarily focused on a strategy to improve solid-state charge transport
properties by increasing the crystallinity and long-range structural order of thin films. The
design and synthesis of semicrystalline conjugated polymers that exhibit a substantial self-
assembly tendency to increase the charge carrier mobility because of formed-crystallites by
interchain interaction.50

Aside from a great deal of work on the neat film of highly-ordered conjugated polymers,
blending highly-ordered conjugated polymers with other polymers is an effective strategy to
control the microstructure in the films.%'2 For the applications of OFETSs, it is vastly reported
that blending a highly-ordered conjugated polymer with an insulating commodity polymer is
essential for the improvement of charge carrier mobility.*>% In the blend films, vertical phase
segregations between the conjugated and insulating polymers are conducive. The conductivity
properties come from high crystalline orders with continuous percolated pathways. On the
other hand, the blending of the hole- and electron-transporting polymers usually increases the
disordered and amorphous nature of the films in the research in polymer/polymer blend films
of OSCs with highly-ordered conjugated polymers.>1-18 The charge transport in the blend films
is disturbed both structurally and energetically. The result is the mobility becomes lower than
that of the neat films of the constituent highly-ordered conjugated polymers.>*’ To overcome

this issue which caused by blending, several methods to improve the ordering and crystallinity
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of the blend film have been reported. These methods include a variation of the boiling point of
the spin-coating solvent, the addition of high-boiling additives, thermal annealing, and solvent-
vapor annealing.>181°

The OFETS study on the weakly-ordered conjugated polymers has suggested that the short-
range order in the form of aggregates, not the high degree of crystallinity of polymer chains, is
sufficient to support efficient charge transport in the neat film? and a blend film with an
insulating commodity polymer.2t Therefore, controlling short-range ordering should have
significant implications to design high-performance polymer/polymer blend OSCs. In the
viewpoint of efficient charge transport, the study on the microstructures of a weakly-ordered
conjugated polymer in the blend film with other conjugated polymer is essential because the
film morphology designed for OSC operation is not the same as OFET achieved by the weakly-
ordered conjugated polymer/insulating commodity polymer blends.!>%521 However, the
changes in the short-range order and aggregation behavior by blending with other conjugated
polymers are not fully understood.

Representative examples of the weakly-ordered conjugated polymers in the application of
OSCs are found in the libraries of low-bandgap conjugated polymers comprised of donor-
acceptor complex moieties as a repeat unit.?%?>2* Among them, PCPDTBT, a copolymer of
cyclopentadithiophene and benzothiadiazole, is a promising conjugated polymer which has
been generally used as a hole transport and light-harvesting material for OSC applications.>2’

This chapter aims to investigate the change of PCPTBT aggregates after being blended with
another polymer as a matrix. The matrix polymer for this research is PAM4HT. P3M4HT is a
large-bandgap and amorphous conjugated polymer. The presence of a methyl group to the
thiophene ring, which already includes a hexyl side chain, would cause twisting of the chain
backbone due to steric hindrance and inhibit significant interaction along the backbone,

disrupting 7~ stacking and the associated chain ordering.?® P3AM4HT was selected as a matrix
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because of its negligible absorption overlaps with PCPDTBT and its amorphous nature, which
enables us to facilitate data analysis on complex microstructures of conjugated polymer blends.
Further study on charge transport as the effect of blending also proceeds in this chapter by C-

AFM images analysis from such blend film.

PCPDTBT P3M4HT

CeH13

Figure 3-1. Chemical structures of PCPDTBT and P3M4HT.

3.2. Experimental
3.2.1. Materials and sample preparation
Materials:

Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta  [2,1-b;3,4-b']dithiophene)-alt-4,7(2,1,3-
benzothiadiazole)] (PCPDTBT, My = 50,000 g mol™, polydispersity index (PDI) = 2.5) was
purchased from 1-Material Inc. Regioregular poly(3-methyl-4-hexylthiophene-2,5-diyl)
(P3M4HT, Mw = 150,000 g mol™, PDI = 2.4) was purchased from American Dye Source Inc.
Poly[4,4-bis(2-ethylhexyl)-dithieno[3,2-b:2°,3’-d]silole]-2,6-diyl-alt-(2,1,3-benzothiadiazole)-
4,7-diyl] (PSBTBT (Si-PCPDTBT), Mw = 50,000 g/mol, polydispersity index (PDI) = 1.9) was
purchased from Ossila Ltd. Polystyrene (PS, My = 90,900 g mol ™%, PDI = 1.05) and poly(methyl
methacrylate) (PMMA My = 110,000 g mol™, PDI = 1.06) were purchased from Aldrich
Chemical Co. P3M4HT, PS, and PMMA were used as amorphous matrix polymers for the

PCPDTBT and PSBTBT blend films.
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Sample preparation:

A quartz substrate, ITO substrate, and a-Si wafer (Yamanaka Hutech, Japan) substrate were
sequentially washed via ultrasonication with toluene, acetone, and ethanol for 15 min, and then
dried using a dinitrogen (N2) flow. For hole-current measurement by C-AFM, PEDOT:PSS (H.
C. Starck, PH500) layer was prepared on the ITO substrate. PEDOT:PSS solution was sonicated
for 10 minutes, and filtered by 0.45 um diameter-pores filter to avoid unwanted aggregates.
The solution was spin-coated at 400 rpm for 10 seconds, followed by 3000 rpm for 100 seconds.
The annealing at 140 °C for 10 minutes was the last preparation to dry the ITO/PEDOT:PSS
substrates completely.

For structure characterization, polymer neat films and blend films were prepared via spin-
coating from chlorobenzene (CB) and DCB solutions onto a quartz substrate for UV-vis
absorption measurements, and spin-coating from a CB solution onto a Si substrate for GIWAXS
measurements. Neat films were spin-coated from a solution of 10 mg mL of each polymer at
a spinning rate of 1500 rpm for 60 s. Blend films of PCPDTBT with P3M4HT
(PCPDTBT/P3M4HT), PS (PCPDTBT/PS), and PMMA (PCPDTBT/PMMA) were spin-
coated from blend solutions. PCPDTBT and a matrix polymer were separately dissolved in a
solvent at 10 mg mL* for both. PCPDTBT/matrix polymer solutions were obtained by mixing
the respective solutions using the following volume ratios of PCPDTBT solution to matrix
polymer solution: 100:0, 50:50, 20:80, 10:90, and 5:95. The polymer neat and blend film
thickness was 40-50 nm.

Additionally, a CB solution of 40 mg mL* PCPDTBT was spin-coated onto a quartz
substrate at a spinning rate of 4000 rpm for 120 s. The resulting PCPDTBT neat film was then
melted at 310 °C for 15 min on a heating plate (its melting temperature is 293 °C)* and
solidified from the molten state by natural cooling to room temperature in a nitrogen glove box.

Before spin-coating, polymer neat and blend solutions were stirred at 80 °C for at least 12 h to
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allow the complete dissolution of the samples. The solutions were spin-coated at room
temperature.

For C-AFM characterization, neat and blend films of PSBTBT, and PSBTBT/P3M4HT were
fabricated on the ITO/PEDOT:PSS substrates. PSBTBT and P3M4HT were dissolved in DCB
at 10 mg ml*-concentration. The blend solution was prepared by blending PSBTBT and
P3MA4HT solution at 20/80-ratio. The neat (34 nm) and blend films (32 nm) were fabricated by

spin-coating for 2 minutes at 3000 rpm and 2500 rpm, respectively.

3.2.2. Characterizations

UV-vis characterization: UV-vis absorption spectra of polymer films on quartz substrates were
measured at room temperature. The absorption of PCPDTBT CB solutions in a 1-cm quartz
cuvette was also measured by a UV-vis spectrophotometer (V-770DS, JASCO, Japan) equipped
with a computer-controlled Peltier heating and cooling cuvette holder (ETCS-761, JASCO,
Japan). The absorption of PCPDTBT in PCPDTBT/matrix polymer blend films was obtained
by subtracting the absorption of a matrix polymer from the total absorption of the blend films

(see Appendix, Figure A3-1).

Film thickness measurements: Polymer film thickness was measured by a surface profiler
(ET200, Kosaka Laboratory Ltd., Japan). Each film was scratched with a sharp needle to
expose the substrate. The film thickness was defined as the height difference between the film

and the substrate surface.

GIWAXS measurements: The GIWAXS measurements were carried out at room temperature
for the PCPDTBT neat film (thickness of 39 nm), P3M4HT neat film (44 nm), and

PCPDTBT/P3M4HT blend films (39-42 nm) using the Spring-8 BL40B2 beamline (Hyogo,
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Japan). The X-ray wavelength was set to 0.1 nm, and the X-ray beam was aimed at the sample
with an incident angle of 0.14° with respect to the sample surface. The X-ray exposure time
was 100 s for all samples. The scattering signal was detected using a hybrid photon counting
X-ray detector (Pilatus3 S 2M, Dectris Ltd., Switzerland) with a 1475 x 1679-pixels, which
was positioned 342.8 mm away from the sample. The scattering vector magnitude q (= (4n/A)

sing, where 28 is the scattering angle) was calibrated using silver behenate (q = 27/5.838 nm~

)

C-AFM characterization: C-AFM measurements were performed using the microscope (SPM-
9700, Shimadzu, Japan) in contact mode with an Au-coated silicon probe (PPP-CONTAuU,
NANOSENSORS™, Switzerland; tip radius < 50 nm; spring constant = 0.2-0.25 N m™). A
sample bias was applied to the ITO/PEDOT:PSS electrode and the probe was. The surface
topography and corresponding current images were simultaneously obtained by C-AFM
measurements operating at a sample bias of: -0.4, -0.7, -1, +2, +3, +4 V. All C-AFM
measurements were performed under an N> atmosphere using a controlled-environment

chamber (CH-111, Shimadzu, Japan).
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3.3. Results

3.3.1. Optical characterization of PCPDTBT in solution
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Figure 3-2. (a) UV-vis absorption spectra of PCPDTBT in solution (¢ = 0.005 mg ml ! in CB) at
different temperatures; the arrows indicate increasing (or decreasing) temperature from 21 to 110 °C
(or 110 to 21 °C). (b) UV-vis absorption spectra of PCPDTBT in PCPDTBT/P3M4HT blend films
with varying amounts of PCPDTBT, spin-coated from CB solution, and measured at room
temperature. The weight percentage (wt.%) of PCPDTBT in the blend films was 100 (black line), 50
(blue line), 10 (green line), and 5 (red line). The film absorption spectra were normalized at the first
absorption peak to compare the spectral shape of PCPDTBT between the blend films.

First, the UV-vis absorption spectra of PCPDTBT in a solution was measured (concentration
¢ = 0.005 mg ml ! in CB). The absorption spectrum at room temperature showed vibronic
progression with a peak at 723 nm and a shoulder at approximately 670 nm. As the solution
temperature increased, the absorption peak shifted continuously towards shorter wavelengths,
and the intensity decreased (Figure 3-2). When the solution was heated to 110 °C, the

absorption spectrum featured a broad and less-structured band peaking at 700 nm. This spectral

change with increasing temperature was repeated and observed over multiple temperature
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cycles. The change has been attributed to the conformational change of PCPDTBT chains from
an aggregated conformation at 21 °C to a non-aggregated disordered conformation at 110 °C.%

As the CB solution was further diluted down to 0.001 mg ml ?, the absorption features with
vibronic progression had minimal variation at room temperature (see Appendix, Figure A3-2).
At a solution concentration of 0.005 mg ml %, a sphere with a 233-nm radius contains, on
average, one PCPDTBT chain coil. It indicates that there are very few interchain interactions.
Therefore, we associated absorption at 21°C primarily to intra-chain (single-chain) aggregates
rather than inter-chain (multichain) aggregates. Single-chain self-folded aggregation of low-
bandgap donor-acceptor conjugated polymers was shown to occur in dilute solutions based on

spectroscopic evidence?’*° and molecular dynamics simulations.®®
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Figure 3-3. UV-vis absorption-coefficient () spectra of PCPDTBT in PCPDTBT/P3M4HT blend
films with varying amounts of PCPDTBT, spin-coated from CB solution, and measured at room
temperature. The weight percentage (wt.%) of PCPDTBT in the blend films varies from 100 (black
line), 50 (blue line), 20 (light blue line), 10 (green line), and 5 (red line).

3.3.2.  Optical characterization of PCPDTBT in neat and PCPDTBT/P3M4HT blend
films
Figure 3-2 shows the characterization of PCPDTBT in neat and blend films. The black line
is the absorption spectrum of the PCPDTBT neat film. The neat film shows a primary
absorption peak at 770 nm and a less-intense vibronic progression at around 700 nm. When the

absorption of the film compared with that of the solution at room temperature, a broadening of
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the spectrum and a red-shift of the primary absorption peak from 723 nm (in solution) to 770
nm (in the film) are observed. This red-shift of the absorption peak has been associated with
either interchain z-stacking or chain planarization, which would be accompanied by transitions
into the solid-state.?® Next, the absorption spectra of PCPDTBT in the blend films were
investigated. Upon blending with P3M4HT, the absorption of PCPDTBT varied. The primary
absorption peak at 770 nm was shifted only slightly, while the absorption intensity at shorter
wavelengths of 500 — 750 nm dropped. The spectral evolution became noticeable when the
proportion of PCPDTBT in the blend was decreased. Consequently, in the PCPDTBT blend
film with 5 wt.%, the spectral width of PCPDTBT became much narrower, exhibiting the main
absorption band at ~770 nm and a shoulder at ~700 nm.

The relative drop in absorption intensity at the wavelengths corresponds to the absorption
band of disordered PCPDTBT chains, as evidenced by the solution absorption at 110 °C in
Figure 3-2a. Therefore, the spectral change in blend films shows that the fraction of disordered
PCPDTBT decreases by blending with a PAM4HT matrix. We estimated the absorption-
coefficient () of PCPDTBT in neat and the blend films using the Equation 3-1.

Absorbance Equation 3-1
o=———
0.434151m ¢

The film thickness was the total thickness of a blend film and ¢ is a volume fraction of
PCPDTBT in the blend film. Here, we used a weight fraction of PCPDTBT instead of the
volume fraction ¢, under the assumption that PCPDTBT and P3M4HT have the same density.
The resulting « spectra were shown in Figure 3-3. The spectral change represents PCPDTBT
chains from a mixture of disordered and aggregated in the neat film to more aggregated when
it is diluted by blending with PAM4HT.

It is important to note further note that PCPDTBT absorption in the 5 wt.% blend film is
well described by the absorption of aggregated PCPDTBT chains, which has been estimated by

Scharsich et al. by applying Franck-Condon analysis for PCPDTBT neat film absorption® (see
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Appendix, Figure A3-3). Using the aggregate forms of the absorption bands as a reference, it
Is possible to separate the absorption spectra shown in Figure 3-2 into superpositions of
absorption by the non-aggregated disordered phase and the aggregated phase of PCPDTBT.
From this spectral decomposition, the fraction of PCPDTBT chains that form aggregates in
each blend film was determined. The results from the spectral decomposition are shown in
Figure 3-4 (also see Appendix, Figure A3-4). The fraction of aggregates gradually increase
from 51% in the neat film to 84% in the blend film, by diluting the PCPDTBT with P3M4HT
down to 5 wt.%. These PCPDTBT aggregation observations of the polymer/polymer blend
film were opposite to the behavior that has been observed when PCPDTBT is mixed with a
low-molecular-weight fullerene derivative such as PCBM: in an as-cast PCPDTBT/PCBM
blend film spin-coated from a CB solution, the interchain packing and aggregation of
PCPDTBT is disrupted.* This matrix-assisted enhancement of PCPDTBT aggregation should
also be fundamentally different from the attainment of higher-order polymer chains in neat film
processed with high-boiling additives in the spin-coating solution.?®3! An approach aided by
the use of an additive can facilitate the ordering of PCPDTBT chains, but in the neat film, the

disordered phase still accounts for 55%.%!
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Figure 3-4. Open circles show a fraction of aggregated PCPDTBT chains as a function of the
PCPDTBT weight percentage in PCPDTBT/P3M4HT blend films, as determined from UV-vis
absorption spectra. Closed circles show the relative ordering of PCPDTBT chains estimated from

GIWAXS profiles.
37



3.3.3.  GIWAX measurements of PCPDTBT neat and PCPDTBT/P3M4HT blend films

To further investigate the solid-state microstructures of PCPDTBT, GIWAXS measurements
were applied to the neat and blend films. For each 2-D GIWAXS image of the films, out-of-
plane and in-plane 1-D GIWAXS profiles were constructed by integrating the intensity at each
q value over an azimuth range of 70-110° for the out-of-plane profile and 2-22° for the in-
plane profile. Figure 3-5 shows the out-of-plane and in-plane GIWAXS profiles for PCPDTBT
neat film and those for the PCPDTBT blend films. The profiles were obtained from the 2-D
GIWAXS image created by subtracting the background diffraction pattern that contained
amorphous P3M4HT from the total diffraction pattern of each blend film (see Appendix, Figure
A3-5). The resulting profiles were then fitted by a superposition of Lorentzian-shaped peaks
for the ordered phase (solid red lines) and Gaussian-shaped peaks for the disordered phase (solid
green lines). The positions and full width at half maximum (FWHM) linewidths of the
diffraction peaks are summarized in Table A3-1 and Table A3-2 (see Appendix). The spacings
d were calculated from the center positions of the Lorentzian-shaped peaks q viad = 27/q. The
coherence length Lc was estimated from the Scherrer equation Equation 3-2 by the FWHM
value, which determined from the fit and assuming the shape factor K to be 0.9.3%%

27K Equation 3-2
" FWHM

First, the PCPDTBT neat film diffraction peaks were assigned based on the previous reports.

C

In the out-of-plane profile, the (100) diffraction peak was observed at g, = 5.69 nm~%, which
corresponds to a lattice spacing of d = 1.11 nm. This distance was taken along the lamellar
stacking direction.®*3* An out-of-plane (010) peak was also present at g, = 16.50 nm~%, which
corresponded to d = 0.38 nm and was associated with the interchain -z stacking direction.3%3
Additionally, broad scattering at g, = 14 ~ 15 nm~ was observed, which was associated with

the scattering from the disordered phase of PCPDTBT.*>%® In the in-plane profile, the (010)
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peak and scattering from the disordered phase were observed. Furthermore, two additional
peaks were present at gxy = 5.85 nm~ and gx, = 10.61 nm~1, which correspond to distances of
d = 1.08 nm and 0.59 nm, respectively. These peaks were not assigned to diffraction from
lamellar stacking, but have been assigned (001) and (002) from the repetition of the monomer
along the chain backbone.3*3” This assignment is also consistent with the fact that the (001)
distance of 1.08 nm is nearly identical to the length of the PCPDTBT repeat unit calculated

from the density functional theory (1.07 nm) (see Appendix, Figure A3-6).
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Figure 3-5. Integrated GIWAXS data (black circles) obtained from PCPDTBT neat film and
PCPDTBT/P3M4HT blend films. (a) 70-110° azimuth integration for out-of-plane profile and (b) 2—
22° azimuth integration for an in-plane profile. PCPDTBT contents from top to bottom: 100 wt.%, 50
wt.%, 20 wt.%, and 10 wt.%. The red and green solid lines show fitting results of individual peaks
extracted from the fit (light blue solid lines) over the entire g-range measured. The broken green lines

are unknown backgrounds.

Next, the PCPDTBT diffraction peaks in the blend films were characterized. The diffraction
peaks of the PCPDTBT neat film varied with P3M4HT blending. The position of the (100)
peak shifted to lower g values, and the FWHM of the peak became sharper than that in the neat

film. The (001) and (002) peaks also became shaper while their positions remained the same

as in the PCPDTBT neat film. The (010) peak underwent different changes between the out-
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of-plane and in-plane profile. In the out-of-plane profile, the relative intensity of the (010) peak
became weaker when compared to that of the (100) peak. On the other hand, In the in-plane
profile, the (010) diffraction peak remained independent of the blending weight ratio. These
results suggest that in the lower PCPDTBT concentration blend film, an edge-on structure with
alkyl side chains aligned perpendicularly to the substrate becomes dominant.

Figure 3-6 shows the dependence of the d-value and the correlation length Lc on the
PCPDTBT blend weight ratio. The d values of the (100) lamellar stacking expanded from 1.11
to 1.21 nm as the PCPDTBT concentration decreased to 10 wt.%, while the d-values of both
the (010) interchain 77 stacking and the (001) chain backbone repeat changed only slightly.
As for the correlation lengths, the L. values in the (100) lamella stacking increased from 3.01
to 4.44 nm as the PCPDTBT concentration decreased to 10 wt.%, while the L. value of the
(010) interchain =7 stacking remained almost the same among samples. In addition, a
noticeable increase in Lc values was observed for the (001) chain backbone repeat. The value
was extended from 4.58 nm in PCPDTBT neat film to 7.73 nm in 10 wt.% PCPDTBT blend

film.
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Figure 3-6. (a) Lattice spacings d and (b) correlation lengths L. as obtained from the cake cut analysis
for each 2-D GIWAXS image of PCPDTBT neat film and PCPDTBT/P3M4HT blend films. Circles:
(001) mainchain backbone repeat. Triangles: (100) lamella stacking direction. Squares: (010) interchain
77 stacking direction. The closed squares are d and L. values calculated from the out-of-plane (qy)

profile, and open squares are those from the in-plane (qxy) profile.

40



Based on the d and L. values, the microstructure of ordered PCPDTBT chains was quantified
and schematically illustrated in Figure 3-7. The number of donor-acceptor type repeating units
in an ordered part of a chain backbone (red rectangular thin-plate) and the number of stacking
in the lamella and 7 stacking directions, N, were respectively estimated via N = L¢/d.
Considering the fact that one PCPDTBT chain used in this study is composed of 37 repeated
units, several intra-chain (single-chain) aggregates would participate in the lamellar and the 7
zrstacking. It can be concluded that, in the neat film, PCPDTBT forms a short-range ordered
structure comprised of the alignment of a few repeat units in the chain backbone and the
stacking of a few chains in both the lamellar and 77z stacking directions. The stacked
aggregates primarily extended along the main chain backbone from ~4 repeat units in the neat
film to ~7 repeat units in the blend film of 10 wt.% PCPDTBT on average. It grew in size along
the lamellar stacking direction from ~3 stacks in the neat film to ~4 stacks in the blend film of

10 wt.% PCPDTBT on average.

(a) Ordered PCPDTBT chains
with edge-on orientation

Ordered PCPOTBT chains
with face-on orientation

PCPDTBT neat film

&F Ordered region
777 Disordered region

(b) Orderad PCPDTBT chains with edge-on orientation
10 wt.% PCPDTBT/P3M4HT I,/
blend film s - — \L%:}
VO O n T
y e D0 SR 3 -

3"; rya \T= S ™ 3 l [
[Fodapqgentaopeolbapqgoeld —

—— e
[t epantaepantrpand
MF Ordered region =~ - =

F
o
I o = — o
%1. Disordered region ).n)'\.\hnﬂ h oy r’*—’l"-‘f\-\.nor( A5G q:ho
Q&, Amorphous P3M4HT chains \A‘J

Logy = 7.7 M

Figure 3-7. The dimensions of the ordered PCPDTBT chains (a) in neat film and (b) in
PCPDTBT/P3M4HT blend film containing 10 wt.% PCPDTBT, determined by GIWAXS analysis. For
the schematics, each red rectangular thin plate indicates ordered parts of a chain backbone participating
in single- and multichain aggregates. Disordered parts in the same chain backbone (yellow band-like
lines) that may bridge ordered parts and those that may wander successively through a series of ordered

and disordered regions are almost omitted.
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Finally, the diffraction from the disordered state of PCPDTBT was observed. As evidenced
by Figure 3-5, scattering from the disordered phase (g; = 1.4 ~ 1.5 nm~') became weaker in
both out-of-plane and in-plane profiles after blending with P3M4HT, and the scattering was
negligible in the 10 wt.% blend film. This continuous change indicates that the solid-state
ordering of PCPDTBT chains is improved by blending with P3M4HT. The relative ordering
was characterized in terms of a scattered intensity ratio of the (010) interchain 7z stacking to
the sum of the scattered intensity from the (010) interchain 77 stacking and disordered phase
To examine the impact of blending on the ordering of PCDTBT; each scattered intensity was
calculated from the fitting results for the in-plane and out-of-plane GIWAXS profiles shown in
Figure 3-5. This metric does not permit direct estimation of the ordered phase mass. However,
it does give a qualitative assessment of the loss of disordered-state PCPDTBT in the blend films
as has been plotted by closed circles in Figure 3-4. this information from GIWAXS data
confirm that aggregation and ordering of PCPDTBT chains are enhanced upon blending with

the P3M4HT matrix polymer, with a continuous reduction of the disordered PCPDTBT phase.

3.3.4. Effects of matrix polymers on aggregation

The UV-vis absorption spectra of PCPDTBT were examined in the blend films with other
amorphous matrix polymers. Different types of insulating amorphous polymers, PS and
PMMA, were used to study the generality of the aggregate enhancement by blending with
polymer matrices. As shown in Figure 3-8, absorption intensity at shorter wavelengths of 500
— 750 nm decreased in the blend films. The drop indicates that aggregation is enhanced in blend
films with PS and PMMA, which are similar to the blend film with P3M4HT. Further
observations show that interactions between PCPDTBT and P3M4HT are not expected to be a

driving force behind the aggregation enhancement. Instead, the results indicate that
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enhancement generally occurs for films spin-coated from polymer/polymer blend solution
where PCPDTBT is diluted with dissimilar polymers. Here, the term ‘dissimilar polymer’ was
used to refer polymers, which show a positive value of free energy of mixing with PCPDTBT
due to small entropy of mixing of long polymer chains and a positive value of Flory-Huggins
interaction parameter y for the PCPDTBT/polymer. The AFM images of the blend films
suggested that a thin layer of highly-ordered PCPDTBT chains is not formed on the film surface.
The constituent polymers are likely to be phase-separated laterally in the PCPDTBT/P3M4HT
and PCPDTBT/PMMA blend films (see Appendix A3-9). The morphology differs from the
vertical phase-separated results which have been typically reported for the conjugated

polymer/insulating polymer blends in OFETs application. 4152138
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Figure 3-8. UV-vis absorption spectra of PCPDTBT in the neat film (black) and of PCPDTBT in blend
films with PMMA (blue), PS (green), and P3M4HT (red) spin-coated from DCB solution. The weight
percentage of the PCPDTBT in the blend films was 10 wt.%. The spectra were normalized to a peak
intensity of 1.

Under the assumption that higher concentrations will increase the possibility of forming
inter-chain aggregations, a PCPDTBT neat film was prepared by spin-coating from a CB
solution of PCPDTBT in a concentration of up to 40 mg ml 1. The neat film was melted at
310 °C for 15 min and solidified again from its molten state via natural cooling. Figure 3-9

shows the resulting absorption spectra of the PCPDTBT neat films. For film spin-coated from
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high concentration, the degree of aggregation decreased to 42%, as evidenced by the increase
in absorption intensity for the wavelength range of 500—-700 nm. Furthermore, for film
solidified from the molten state, the absorption peak blue-shifted, and the spectrum became
broader and less structured, indicating higher disordered morphology. Given that chain
entanglement is most significant in the molten state, these spectral changes suggest that the
crowding contact or entanglement of PCPDTBT chains during solidification hampers the

formation of ordered inter-chain aggregation.
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Figure 3-9. UV-vis absorption spectrum of PCPDTBT neat films spin-coated from 40 mg ml * of CB
solution (solid red line) and the absorption spectrum obtained after it was melted (dashed red line). The
solid black line is the spectrum of PCPDTBT neat film spin-coated from 10 mg ml * of CB solution.

These spectra were measured at room temperature and normalized according to peak intensity.

3.3.5. Current images of PSBTBT neat film and PSBTBT/P3M4HT blend film

The fraction of aggregates in the weakly-ordered PCPDTBT conjugated polymers is
increased by blending. This increase is visible in the decreasing I intensity in the UV-vis
absorption spectra. The identical phenomena had been observed in the blend film of
PSBTBT/P3M4HT. Figure 3-10 shows an example of a current image comparison between
PSBTBT neat film and PSBTBT/P3M4HT blend films.

The inhomogeneous current image of the blend film is due to the blending with the matrix

polymer (P3M4HT). P3M4HT does not flow current, and therefore a blue-colored area in the
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image is expected to be a matrix domain. On the contrary, interconnected-enhanced aggregates
of PSBTBT flow higher current than the surrounding area and pictured as a red-colored region.
This comparison of current images is the proof of better charge transport, which comes from a

better aggregation of the donor polymer in the blend film.
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Figure 3-10. Current images of (a) PSBTBT neat film and (b) 20 wt.% of PSBTBT/P3M4HT blend
film. Measured at +4 V applied voltage to the substrate electrode

In the PSBTBT/P3M4HT blend, PSBTBT is responsible for material for charge transport.
Therefore, the effective current flowing through PSBTBT in the blend should be calculated by

considering the weight ratio of PSBTBT in the blend as:

L« 1, of Blend film

Enhanced factor = 0.2 - Equation 3-3
I, of neat film

The enhanced factor 1 means there is no enhancement in hole current by blending, while
enhanced factor lower than 1 means there is current loss by blending. However, an enhanced
factor higher than 1 means there is a current enhancement by blending. The current image from
C-AFM measurement shows that the enhancement factor is 3.6, which means that current
flowing through PSBTBT in blend film is larger than in the neat films. This increase in charge

transport would come from a better aggregation of the PSBTBT in the blend film.
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3.4. Discussion

Our collected set of observations suggests that short-range ordering in the form of aggregates
increases when the presence of a matrix polymer weakens the crowding contact between
PCPDTBT chains. Considering this matrix-assisted enhancement mechanism, our current
understanding of the process is schematically depicted in Figure 3-11. In the
PCPDTBT/solvent binary solution, PCPDTBT would form intra-chain (single-chain)
aggregations in dilute solution, which have also been proposed for other weakly-ordered
conjugated polymers.243%-4! The intra-chain aggregation that induced molecular-level ordering
would be perturbed due to the chain overlap and chain interpenetration that unavoidably occur
when the solution is highly concentrated in the course of solvent evaporation.*?#* Consequently,
the disordered part in a polymer chain would be increased in the concentrated solution.
Therefore, the PCPDTBT neat film is simultaneously composed of not only aggregating and
locally ordered stacking (red) but also disordered chains (yellow).

On the other hand, for a PCPDTBT/matrix polymer/solvent ternary solution, matrix polymer
chain coils do not freely overlap and interpenetrate the PCPDTBT chain coil due to the
enthalpic repulsions between the dissimilar polymer chains. The matrix polymer is expected to
act as a buffer that prevents the undesired interpenetration or entanglement of PCPDTBT chains
when the solution is concentrated to the point where PCPDTBT coils overlap each other. The
partially segregated configuration of dissimilar coils is translated into the solid-state before
complete phase separation of the blended polymers. Consequently, the PCPDTBT spin-coated
from a PCPDTBT/matrix polymer/solvent ternary solution can retain intra-chain order, which
then constitutes lamellar-stacked multichain aggregates in the film.

Structural disordering of PCPDTBT in the blend films with a low-molecular-weight
fullerene derivative, such as PCBM, has been studied thoroughly.?%3034-3644 \When PCPDTBT

is blended with PCBM and subsequently spin-coated from the CB solution, the packing and

46



aggregation of PCPDTBT chains are disrupted, as evidenced by the loss of the (010) diffraction
peak and the structureless UV-vis absorption spectrum with a peak blue-shifted to around 740
nm.>° The effects of matrix polymer presence can be compared to the negative effects resulting
from blending with a small molecule as a matrix. In the case of PCPDTBT/PCBM/solvent
ternary solution, the low-molecular-weight matrix may penetrate the PCPDTBT coil domain
due to the significant difference in molecular weight* and hence relatively higher entropy of
mixing, disrupting the molecular-level ordering of PCPDTBT.

The morphological change observed in the PCPDTBT/P3M4TH blend films, where the
short-range ordering is enhanced, is significant to improve charge carrier mobility and
optoelectronic functionality of thin-film devices, including weakly-ordered conjugated
polymers. This enhancement was reflected in the enhancement factor value from the current
images when measured at negative and positive applied voltage. Similar enhancing results
measured for the PCPDTBT blend films using insulating amorphous polymers PMMA and PS
affirm the importance of our proposed matrix-mediated process. From the viewpoint of OSC
application, research on the control of short-range ordering should be shifted from
PCPDTBT/polymer blend films using P3M4HT to the films using a conjugated polymer that
forms type-I1 heterojunctions.*® Nevertheless, as revealed by the PCPDTBT/P3M4HT blends,
understanding of the process that facilitates molecular-level self-assembly of a weakly-ordered
conjugated polymer should have significant implications for the design of polymer/polymer
blend OSCs, where low-bandgap donor-acceptor conjugated polymers?>?* are used as a hole

and electron transport materials with various blend ratios.*
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Increase in polymer concentration by solvent evaporation
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Figure 3-11. Schematic presentation of the microstructural evolution occurring in the spin-coating of
(a) PCPDTBT/solvent binary and (b) PCPDTBT/matrix polymer/solvent ternary solutions. Intra-chain
and inter-chain aggregations of PCPDTBT are shown in red, and the disordered state of PCPDTBT is
shown in yellow. The matrix polymer chain is shown in gray. Solvent molecules are omitted. In the
binary solution, the overlapping and interpenetration of coils disturb the molecular-level ordering of the
intra-chain aggregation, resulting in an increase in the disordered state of PCPDTBT in the film. In the
ternary solution, when the concentration reaches a point where the distance between the coils of
PCPDTBT and a matrix polymer chain is equivalent to their diameters, incompatibility acts strongly
against overlapping. Asaresult, PCPDTBT chains retain the molecular-level ordering of the intra-chain
aggregation, which then constitutes multichain aggregates in the film.

3.5. Conclusion

The change in the short-range ordered structure (aggregates) of the weakly-ordered
conjugated polymer has been investigated for the blend films. The aggregates were increased
in the fraction and the size gradually after blending. The fraction of aggregates gradually
increases from 0.51 in the neat film to 0.84 in the blend film. The size of aggregates in neat
films is about ~4 repeat units and ~3 stacks in the backbone and lamellar stacking direction,

respectively. In the 10 wt.% blend film, the aggregates are about ~7 repeat units and ~4 stacks
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in the backbone and lamellar stacking direction. Also, C-AFM current images suggested that

the current flowing through PSBTBT in the blend film is higher than in the neat film.
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Chapter 4.
Morphology and Electron Transport of Conjugated Polymer Thin-Film

Studied by Conductive Atomic Force Microscopy

4.1. Introduction

Designing efficient hole-transporting and electron-transporting materials are essential to
establish high performance organic electronic devices such as thin-film field-effect transistors,
organic light-emitting diode, and organic photovoltaics (OPV).1® In the research field of OPVs,
there is a growing interest in developing new electron acceptor materials, which replace the
prevalent fullerene-based acceptors such as phenyl-Cei-butyric acid methyl ester (PCBM).*®
One of the most widely investigated non-fullerene electron acceptors for use in OPVs have
been a perylene diimide (PDI) based small molecule’ and polymer acceptors®*? due to their
excellent thermal, chemical, and photochemical stabilities, in addition to the high absorption
coefficient in the visible wavelength region. Furthermore, they have a large electron affinity
(deep LUMO energy level), comparable to that of fullerene derivatives, showing a potential for
high electron mobility in the film state. Relative to the optimal tuning of optoelectrical
properties of a molecular level, achieving an excellent electron transport in the film state is still
a challenge for the PDI-based acceptors because of the poor understanding about the local
ordering and aggregation behavior of the molecules in the film and its contribution to the
electrically conductive properties of the film.

The conductivity and mobility of the films can be evaluated by macroscopic current density-
voltage measurement.’®* However, there is a large gap between the insights which could be
derived from the ensemble conducting properties and the local conductive features subject to

the nanoscale morphologies of the film. Thus an in-depth understanding of the correlation
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between film morphology and the macroscopic conductive property is required for designing
acceptor films to give efficient charge electron transport.

Conductive atomic force microscopy (C-AFM) can be applied as a powerful tool for
characterizing the local electrical properties of the thin-films of organic semiconductors.}* 2
Especially, simultaneous mapping of topography and hole transport characteristics with a
nanoscale spatial resolution has enabled the direct correlation of morphology and macroscopic
charge transport properties of films, which has been inaccessible from macroscopic
characterizations. To date, however, the observation of electron transport in the non-fullerene
acceptors has not been performed sufficiently from the viewpoint of their morphological
features at the nanometer scale.?*

This chapter aims to elucidate the electron transport nanostructure of the weakly-ordered
conjugated polymer acceptor by C-AFM. For acceptor polymers, donor-acceptor copolymers
with bithiophene (PDI) unit (P(PDI-2T)) has been investigated. A low work function electrode
was developed first for efficient electron injection. By using this electrode as a cathode, electron

current flows through neat films of acceptors were characterized.

PCBM di-PDI P(PDI-2T)

Figure 4-1. Materials for electron transport used in this chapter: (a) small molecule (PCBM), (b)
dimer (di-PDI), (c) conjugated acceptor polymer P(PDI-2T), and (d) polyethyleneimine-ethoxylated
(PEIE)
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4.2. Experimental
42.1. Materials

PCBM (Frontier carbon Co.), di-PDI (1-Material Inc.), and P(PDI-2T) (1-Material Inc.) were
used as acceptor materials. The acceptors were dissolved in chlorobenzene at 70°C for 12 h in
the glove box; they were then used for spin-coating. The weight-average molecular weight
(Mw) and polydispersity index (PDI, given by Mw/Mn, where My is the number-average
molecular weight) provided by the Certificate of Analysis for P(PDI-2T) were > 50,000 g mol~
L and 2.5, respectively. A PEIE aqueous solution (35-40 wt%, My, = 70,000 g mol?) was
purchased from Aldrich Chemical Co. The aqueous solution was further diluted with 2-
methoxy ethanol to a weight concentration of 2 wt%; they were then used for spin-coating. The
chemical structures of acceptors are shown in Figure 4-1. Materials for electron transport used
in this chapter: (a) small molecule (PCBM), (b) dimer (di-PDI), (c) conjugated acceptor
polymer P(PDI-2T) Zinc acetate dihydrate (Aldrich, 99.99%), ethanolamine (Aldrich, >99.5%),
and 2-methoxy ethanol (Nacalai Tesque, 99%) were used for the preparation of the zinc oxide
(ZnO) precursor. The ZnO precursor was prepared by dissolving 50 mg of zinc acetate
dehydrate and 14 uL of ethanolamine in 500 pL of 2-methoxy ethanol under vigorous stirring

for 12 h in the air; they were then used for spin-coating.?’

4.2.2. Electron-injecting electrode

An indium-tin-oxide (ITO) substrate (flat ITO, GEOMATEC, Japan) was sequentially
washed for 10 min by ultrasonication with toluene, acetone, and ethanol, and then dried with
an N2 flow. The cleaned substrate was further treated with a UV—-O3 cleaner (SSP16-110, SEN
LIGHT Corp., Japan) for 30 min. ZnO electrode was prepared by spin-coating the ZnO

precursor solution on the ITO and annealing at 200 °C for one hour in the air.?’
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The preparation method for the thin-layer of PEIE was optimized by spin-coating, dip-
rinsing, and dry-spinning method. First, PEIE was spin-coat on the ITO/ZnO substrate at a spin
rate of 5000 rpm for 120 s. The film then rinses into 2-methoxy ethanol by dipping for 5 min
to remove excess PEIE on the ZnO surface. The wet layer then dried by spinning again at 5000
rpm for 3 minutes, followed by vacuuming in a desiccator for 2 hours to remove 2-methoxy
ethanol altogether. The PEIE-modified electrode was used for both C-AFM and Macroscopic

J-V characteristic measurement.

4.2.3. Acceptor films preparation

Acceptor films were prepared by spin-coating from DCB for (PCBM) and CB for (di-PDI
and P(PDI-2T)) solutions onto the PEIE electrode in the No—filled glovebox followed by drying
in a desiccator for 2 hours. The film thickness was 44 nm (PCBM), £40 nm (di-PDlI), and +35

nm (P(PDI-2T)), respectively.

4.2.4. Characterizations

C-AFM Measurement: C-AFM measurements were performed using the microscope (SPM-
9700, Shimadzu, Japan) in contact mode with an Au-coated silicon probe (PPP-CONTAuU,
NANOSENSORS™, Switzerland; tip radius < 50 nm; spring constant = 0.2-0.25 N m™). A
sample bias was applied to the PEIE electrode, and the probe was grounded (Figure 4-3a). The
surface topography and corresponding current images were simultaneously obtained by C-AFM
measurements operating at a constant sample bias of -5.0 V. All C-AFM measurements were
performed under an N2 atmosphere using a controlled-environment chamber (CH-111, Shimadzu,

Japan).
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J-V characterization: Electron-only devices were fabricated by the following procedure.
Acceptor films were spin-coated onto each PEIE electrode. Thicknesses of the acceptor films
were adjusted within a range of 70-110 nm. Ca (10 nm) and Ag (100 nm) were then vacuum-
deposited sequentially at 3 x 10 Pa on top of the acceptor film (ZnO/PEIE|acceptor
film|Ca/Ag). A surface area of the Ca/Ag top electrode was 0.04 cm?. The dark J-V
characteristics of the acceptor films were measured with a condition where the electron was
injected from a Ca/Ag top electrode in an N2 atmosphere at room temperature, using a direct-
current voltage and a current source/monitor (R6243, Advantest). Electron mobilities (ue) were

calculated from the J-V characteristics using the space-charge-limited current (SCLC) method

V2

using the Mott—Gurney equation for current density JscLc, expressed as Jscrc = geowe

L_3’
Where & is the vacuum permittivity, & is the dielectric constant of the film (& = 3 was assumed),

and L is the thickness of the active layer.'®

GIWAXS measurements: GIWAXS measurements were carried out at room temperature for the
acceptor films, PCBM (thickness of 44 nm), di-PDI (40 nm), and P(PDI-2T) (35 nm), using the
Spring-8 BL40B2 beamline (Hyogo, Japan). The X-ray wavelength was set to 0.1 nm, and the
X-ray beam was aimed at the sample with an incident angle of 0.14° with respect to the sample
surface. The X-ray exposure time was 50 s for all samples. The scattering signal was detected
using a hybrid photon counting X-ray detector (Pilatus3 S 2M, Dectris Ltd., Switzerland) with
a 1475 x 1679-pixels, which was positioned 342.8 mm away from the sample. The scattering
vector magnitude q (= (4n/A) sin@, where 28 is the scattering angle) was calibrated using silver

behenate (q = 2n/5.838 nm™)).
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4.3. Result and discussion
4.3.1. Development of electron-injecting electrode

Local I-V characteristics of electrodes
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Figure 4-2. The energy level and Local I-V Characteristics of Electrodes. Each energy level is taken
from the literature: 4.26 eV for ITO/Zn0O,? 3.28 eV for ITO/ZnO/PEIE,® 5.1 eV for Au;?® HOMO
energy of 6.1 eV and LUMO energy of 3.7 eV for PCBM.%

Figure 4-2 shows a direct comparison between typical and modified electrodes. Firstly, the
low-work function electrode was developed by coating a thin-layer of PEIE on the ITO/ZnO
electrode. The effect of PEIE was characterized by measuring the 1-V characteristic of PCBM
film on the ITO/ZnO and ITO/ZnO/PEIE electrodes. The applied negative bias voltage, where
the current started to flow, was defined as a threshold voltage (Vin). As shown in Figure 4-2b,
the Vi of the PEIE-modified electrode (red arrow) is lower than the Vi of ITO/ZnO electrode
(green arrow).

The lower Vi for the PEIE-modified electrode is due to the shallower work function. It is
reported that the work function of the ITO/ZnO electrode is reduced by the existence of the

PEIE thin- layer due to the robust interface molecular dipoles that induce a vacuum-level

62



shift.283%31 This result demonstrates that the ITO/ZnO/PEIE electrode is successfully applied

as a cathode, which can inject an electron into acceptors.

4.3.2. Current images of conjugated polymer

Device and energy level architecture
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Figure 4-3. Device and energy level architecture. Each HOMO and LUMO energy level of di-PDI and
P(PDI-2T) are taken from the literature.?%

Figure 4-3 shows device and energy level architecture. The acceptor films of the small
molecule (PCBM) and perylene diimide dimer (di-PDI) were prepared to compare with the
acceptor polymer (P(PDI-2T)). The acceptor films have a deep LUMO level suitable for
electron injection and transport, while the hole injection and transport are prohibited due to the
injection barrier between the HOMO level of acceptors and the Au electrode work function. Au
coated probe of C-AFM collected electrons at the surface of the acceptor film when the negative

voltage is applied to the substrate (Figure 4-3).
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Topography and current images from C-AFM characterization
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Figure 4-4. Topographic and current images of(PCBM, di-PDI, and P(PDI-2T)

Topographic and current images of PCBM, di-PDlI, and P(PDI-2T) are shown in Figure 4-4.

The current images were obtained under a voltage of -5 V applied to the ZnO/PEIE electrode.

Local I-V characteristics

4-0.1

Current / nA
Current / nA
Current / nA

+-0.2 +-0.2 E +-0.2
8 i
g §
Voltage / V Voltage / V Voltage / V

Figure 4-5. Local 1-V Characteristics of: (a) PCBM, (b) di-PDlI, and (c) P(PDI-2T)

64



Local 1-V characteristics were measured for each acceptor by applying a negative and
positive applied voltage in an N2 atmosphere (Figure 4-5). The result showed that the current
only detected when the negative voltage was applied to the ZnO/PEIE electrodes. The low
work-function of bottom electrodes enabling electron injection to the LUMO level of acceptor
materials. Under negative applied voltage, the rectifying J-V characteristics in Figure 4-5

confirmed that the current measured by C-AFM is the electron current.

Correlation between current and surface topography
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Figure 4-6. Correlation between current and topographic images

Figure 4-6 shows a correlation between surface topographic and current image shown in
Figure 4-4. The current and topographic values of each point were plotted in the y- and x-axis,
simultaneously. The figure showed there is no correlation between the current and the surface
feature in the film. Therefore, it is indicated that local the current value is not affected by the
surface structure at each point. The difference in the local currency instead reflects the

difference in the conductive properties of the microstructure in the film.
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Charge Transport in Micro- and Macroscopic Scale
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Figure 4-7. Correlation between average current from C-AFM current images and electron mobility
extracted from macroscopic J-V characteristic: di-PDI (circle), P(PDI-2T) (triangle), and PCBM
(square).

The average current measured by C-AFM current image and macroscopic J-V characteristics
were plotted in Figure 4-7. The linear correlation between microscopic and macroscopic charge

transport confirms that the C-AFM current images successfully depict the difference in

electron-transporting abilities between acceptor materials.

4.3.3. Characteristics of electron transport in acceptor films
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Figure 4-8. Histogram of the current images in Figure 4-5: PCBM in red, di-PDI in green, P(PDI-2T)

in blue
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Table 4-1 shows the histogram, minimum current (1,,,;,), current at peak (I,,,,4¢), average
current (I,,,), maximum current (I,,,,,), and relative standard deviation (RSD) of each current
image (Figure 4-4). The current images of PCBM and di-PDI are relatively homogeneous, as
can be judged from their low RSD values. On the other hand, the histogram of P(PDI-2T) is

relatively broad, and the value of RSD is the highest among the three.

Table 4-1. Parameters from the current images

Small-molecule Dimer Polymer
PCBM di-PDI P(PDI-2T)
Minimum current Imin (nM) -67.6 -1.4 -1.3
Current at the center of histogram Imode (NM) -108.5 -2.6 -2.7
Average current lay (nm) -111.5 -2.5 -3
Maximum current Imax (nm) -166.7 -4.3 -10
Relative Standar Deviation (RSD) 11% 14% 31%

4.3.4. GIWAX measurements

GIWAXS was used to investigate the molecular packing and aggregation properties of the
acceptor films. The 2D GIWAXS patterns and the in-plane and out-of-plane diffraction profiles
are shown in Figure 4-9, and the results are summarized in Table A4-1. For each 2-D
GIWAXS image of the films, out-of-plane and in-plane profiles were constructed by integrating
the intensity at each g value over an azimuth range of 70-110° and 2-22°, respectively. The
spacings d of molecular packing and stacking were calculated from the center positions q of the
peaks according to the relationship d = 27/q. The coherence length L. was estimated from the
Scherrer equation (Equation 4.1) using the full width at half maximum (FWHM) value
determined from the fit and assuming the shape factor K to be 0.9.3334

2nK

L, = Equation 4.1
FWHM
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For the PCBM film (Figure 4-9 a and d), three isotropic diffraction rings are observed at gxy =
7.3 nm™?, 13.9 nm, 20.4 nm=, representing the aggregate behavior of the PCBM with
randomly oriented on the substrate.®® For the di-PDI film (Figure 4-9 b and e), two isotropic
diffraction rings are observed at gxy = 3.3 nm™, 14.1 nm. The weak and broad diffraction
patterns represent di-PDI were weakly interacted with each other and randomly oriented on the
substrate. The diffraction peak at gxy = 3.3 nm~ (d = 1.9 nm, L = 3.3 nm) corresponds to alkyl
chain stacking and a peak near gxy = 14.1 nm= (d = 0.45 nm, L = 0.69 nm) corresponds to the
7 stacking interaction.®? Typically, the 77 stacking distance of the PDI molecule has been
reported g ~ 18 nm* (d ~ 0.35 nm)®. The lower q value of 14.1 nm~! for the di-PDI indicates
the 7 zstacking was relative loose due to the dimer structure consisting of the twisted molecular
configuration of PDIs. The stereochemical hindrance would hamper the di-PDI to self-organize
in the solid-state. The 2D GIWAXS pattern for the P(PDI-2T) film is shown in Figure 4-9c.
The diffraction profiles contain a lamellar (100) reflection peak at gxy = 2.8 nm= (d = 2.24 nm,
Lc = 3.57 nm) and a peak near g, = 14.4 nm=* (d = 0.44 nm, L = 0.95 nm), which corresponds
to the 7= stacking interaction. They also contain (001) diffractions at gxy = 5.1 nm~! (d = 1.23
nm, Lc = 2.54 nm), which is related to diffractions along the polymer backbone direction.?
Unlike the PCBM and di-PDI, the relatively strong (010) diffraction intensity distributed along
the out-of-plane direction implies that the aggregation of the P(PDI-2T) was a weakly face-on

orientation on the substrate.
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Figure 4-9. 2D GIWAXS patterns of (a) PCBM, (b) di-PDI, and (c) P(PDI-2T) films. In-plane (solid
lines) and out-of-plane (dashed lines) 2D GIWAXS profiles of the (d) PCBM, (e) di-PDlI, and (f) P(PDI-
2T) films.

4.4. Discussion

To discuss the local conductive properties of the acceptors, the mode (Imode) and mean (lav)
values of the current, and the values of relative standard deviation (Irsp) were extracted from
the current distribution histograms of the images. As shown in the histogram Figure 4-8,
PCBM showed a much larger current than the PDI-based acceptors, and the spatial distribution
of the current was relatively uniform since the RSD value is the lowest. For di-PDI, the spatial
distribution of the current was as uniform as PCBM because of the nearly same value of RSD
between them. For the P(PDI-2T), the distribution was much broader compared with both
PCBM and di-PDI, since the RSD are the highest. The average current of PCBM is the highest,
while the average current of P(PDI-2T) is a bit higher than di-PDI.

In P(PDI-2T), relatively high current regions appeared as indicated by circles in Figure 4-4.

These conducting regions were characteristic in P(PDI-2T) and not observed in the image of
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PCBM and di-PDI, which broadened the current histogram in a higher current direction and
gave larger RSD value. Here, we define the region that yields current flow larger than -4.3 nA,
which is the maximum current in the di-PDI film, as a “highly conducting region.” Figure
4-10c reveals the spatial distribution of the highly conducting region formed in the P(PDI-2T)
film. The typical size of the highly conducting regions was ~100 nm, and they occupied 4.4%
of the scan area, and the current passing through the regions accounted for 8.5% of the total
current flow through the scan area.

It is noted again that the current distributions in the images were not associated with the
topographical features that appeared on the film surface. Therefore, the spatial variations in the
local electron conductivity could relate to the microstructure in films. It has been reported that
a thin-film of PCBM spin-coated from chlorobenzene consists of densely and homogeneously
distributed PCBM nano-aggregates.® The good electronic connectivity between aggregates and
isotropic charge transport owing to the spherical shape of the fullerene m-system provides
efficient and spatially homogeneous electron transport throughout the film, consistent with the
large lav and small RSD values obtained. As to the di-PDI, the twisted dimeric structure
weakens the intermolecular aggregation by n-r stacking of planar PDI units, resulting in the
loosely packed and rough structure of di-PDI aggregates in the solid-state. Although the twisted
conformation gives relatively homogeneous microstructure in the film, the lack of dense and
ordered packing of the di-PDI molecules leads to lower electron transport. These behaviors
produce charge transport properties of the di-PDI film characterized by l.» much smaller than
PCBM and RSD similar to PCBM. It has been suggested that conjugated polymer chains form
inter- and intra-chain aggregates in films, which play an essential role for efficient charge
transport in conjugated polymer films.>° The relatively high conductive domains shown in
Figure 4-10c are expected to be the aggregate-rich regions, in which preferred pathways for

charge transport are provided throughout the film.?%

70



Finally, we focus on the charge transport of the relatively high conductive regions in the
P(PDI-2T) film. The average current per pixel within the regions was still 37-times lower than
the lay in PCBM film, implying that charge transport in P(PDI-2T) film is intrinsically limited.
To quantify the microstructure of P(PDI-2T) aggregate, the number of PDI-bithiophene repeat
units in an ordered part of the chain backbone No1), the number of stacks in the lamellar
direction N(o0), and 77 stacking direction N(o10) Were estimated respectively via N = Lc/d: the
aggregate consists of one or two repeat units in the chain backbone and two chains in both the
lamellar and 7z stacking directions on average (Figure 4-10a). The measured size of P(PDI-
2T) aggregate is much smaller compared with that of a few exquisite polymer acceptors such
as P(NDI20D-T2) exhibiting ze of ~1 x 10-3 cm? V-1 s~ similar to PCBM. Furthermore, the
7 stacking distance of 0.44 nm measured for P(PDI-2T) is longer than that reported for the
high mobility polymer acceptors.*® The limited charge transport in P(PDI-2T) film is thus
ascribed to the weak inter- and intrachain aggregations of P(PDI-2T), which most probably
originates in the steric hindrance the bulky, dovetailed alkyl chains at the imide nitrogen
positions.

In summary, the electron current images were obtained by C-AFM, enabling a direct view
of electron conductivity and its spatial distribution in nanoscale. The C-AFM current images
bring it to light that local structural order and molecular packing in the film play a key role in
overall electron transport in the acceptor films. These advantages underline the capability of
C-AFM to electrically resolve nanostructures of semiconducting polymer films, contributing to
further understanding of the mechanisms for the excellent electron transport and the creation of

materials electrical functions.
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Figure 4-10. Structure-charge transport model of P(PDI-2T) polymer. (a) Aggregate structure expected

= 500 nm

from GIWAX result (Table A4-1); (b) Charge transport morphology expected from C-AFM current
images; (c) Distribution maps of highly conducting regions in the P(PDI-2T) film based on Figure 4-4.

4.5. Conclusion

The local electrical conductivity was studied for thin-films of PCBM, and P(PDI-2T)
acceptors by C-AFM, using a PEIE-coated ZnO substrate as an electron-injecting electrode.
Densely and homogeneously distributed PCBM nano-aggregates leads to the excellent and
uniform electron transport throughout the film. The introduction of the twisted dimeric
structure of the di-PDI resulted in the uniform morphology for electron transport, but the
weakened intermolecular stacking offsets the electron-transport ability in the PDI. On the other
hand, polymer acceptor P(PDI-2T) formed spatially inhomogeneous electron-conducting
morphology, which is composed of relatively high conductive domains with a typical size of
100 nm due to aggregation among conjugated polymer chains. The current distribution images
successfully depicted the role of the local ordering and aggregation behavior of the acceptor

molecules in the electrically conductive properties of the films on a macroscale.
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Chapter 5.

General Conclusion

5.1. General conclusion

In chapter 2, the effect of aggregates on the charge transport of the weakly-ordered
conjugated polymer donor has been cleared. The fraction of aggregate has been estimated
by analyzing UV-vis spectra of PSBTBT neat films prepared by various spin-coating
conditions and the resulting 11/l ratio. The fraction of aggregate and 11/I, ratio have a
positive correlation, where an increase of ratio from 1.0 to 1.2 indicates an increase of the
fraction of aggregate from 0.26 to 0.34. Hole mobility extracted from the J-V
characteristic also shows a positive correlation with the fraction of aggregate. The
increase of the fraction of aggregate leads to an increase of hole mobility from 1.89x10
to 1.53x10* cm?/Vs. This positive correlation indicates that aggregates are an essential
structure for charge transport, where a higher fraction of aggregates in the films leads to
better charge transport.

In chapter 3, the change in the short-range ordered structure (aggregates) of the
weakly-ordered conjugated polymer in the blend film has been investigated. The
aggregates of PCPDTBT were increased in the fraction and the size gradually after
blending with the P3M4HT matrix. The fraction of aggregates gradually increases from
0.51 in the neat film to 0.84 in the blend film. The size of aggregates in neat films is about
~ 4 repeat units and ~3 stacks in the backbone and lamellar stacking direction,
respectively. In comparison, in the 10 wt.% of PSBTBT blend film, the aggregates are

about ~7 repeat units and ~4 stacks in the backbone and lamellar stacking direction. The
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C-AFM current images showed that the enhanced aggregation of weakly-ordered
conjugated polymers (PSBTBT) result in the larger current flow through PSBTBT in the
blend film than in the neat film.

In chapter 4, the microstructures and electron transport of the small molecule
conjugated polymer acceptor thin film were discussed. Firstly, a shallow work-function
electrode was fabricated by using PEIE. The local electrical conductivity was visualized
for thin films of PCBM, di-PDI, and P(PDI-2T) by C-AFM, using a PEIE-coated ZnO
substrate as an electron-injecting electrode. Densely and homogeneously distributed
PCBM nano-aggregates leads to the excellent and uniform electron transport throughout
the film. The twisted dimeric structure of the di-PDI resulted in the uniform morphology
for electron transport, but the weakened intermolecular stacking offsets the electron-
transport ability. On the other hand, polymer acceptor P(PDI-2T) formed spatially
inhomogeneous electron-conducting morphology, which is composed of relatively high
conductive domains with a typical size of 100 nm due to aggregation among conjugated
polymer chains. The current distribution images successfully depicted the role of the
local ordering and aggregation behavior of the acceptor molecules in the electrically

conductive properties of the films on a macroscale.

5.2. The implication of the findings

Chapter 2 shows the importance of the fraction of aggregates for charge transport. The
fraction of aggregates (or degree of aggregation?) refers to the density of aggregated
structure inside the polymer film. In this viewpoint, UV-vis spectra have potential
because it measures electrical interactions between segments of conjugated polymer

chains and able to reveal the shape of polymer structure®™*. Chapter 2 realize the potential
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of using UV-vis spectra to observe aggregates of the weakly-ordered conjugated polymer.
The implication of a higher fraction of aggregates to the higher hole-transporting mobility
also has been shown in chapter 2.

Chapter 3 clears the structural change of aggregates by blending with other polymers,
short-range ordering of weakly-ordered conjugated polymer is enhanced. This short-
range ordering enhancement would be significant for the design of efficient charge carrier
transport in thin-film devices such as polymer/polymer blend solar cells that use low-
bandgap donor-acceptor conjugated polymer with various blend ratios as a hole- and
electron-transport materials.

Chapter 4 shows that ZnO/PEIE electrode can be widely and successfully applied for
the C-AFM characterization of acceptor films. Also, the current images combined with
GOWAX data suggest that not only aggregate formation but also closed stacking of

planarized polymer chains is necessary to obtain better charge transport
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Appendix

A2. Appendix for Chapter 2

Spectral decomposition
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Figure A2-1. (a) An example of the spectral decomposition of PSBTBT solution measured at 20 °C into
disordered and aggregated components. (b) Absorption of aggregated components from each spectrum
measured at -5 to 145 °C (or from 145 to -5 °C)

Figure A2-1(a) shows ene an example of a spectral decomposition process for the PSBTBT
solution. For this chapter, the PSBTBT solution absorption spectrum measured at 145 °C (solid
blue line) was used as a disordered (amorphous) template. The disordered template was used to
separate the absorption two components, the disordered (blue-dashed line) and the aggregates
(red-dashed line).

The same process of spectral decomposition was applied to another absorption from -5 to
145 °C temperature measurement. The resulting spectra of aggregated component for each
temperature are shown in Figure A2-1(b). The intensity of the aggregated component is
increasing, ateng with the decreasing measurement temperature. The change in the intensity in

Figure A2-1(b) reflects the change in the number of aggregated chains.
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Figure A2-2. The area which represents chains transformation from disordered (A) to aggregate (B).

Figure A2-2 shows two areas that correlate with the transformed polymer chains. The solid
blue and red lines are the absorption of PSBTBT solutions measured at 145 and 20 °C,
respectively. The blue and red dashed lines are the absorption of the disordered and ordered
component of a solid red line. If the measurement temperature were decreased from 145 to
20 °C, some disordered chains in the solid blue line became ordered in the solid red line. The
number of disordered chains and ordered chains was reflected in the A and B areas, respectively.

Figure A2-2 shows that the A and B areas are different in size. The size difference of
absorption indicates the different oscillator strength between two structures, disordered and

ordered. The ratio of the two areas, A and B, is defined as the oscillator strength parameter:

_ Alaggregate Equation A2-1

a A Aamorphous
The calculated value of F from Equation A2-1 is 1.53. This value was then applied to the next

equation (equation A2-2).
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Fraction of aggregate
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Figure A2-3. An example of spectral decomposition for PSBTBT film into the amorphous and

aggregated component.

Figure A2-3 is an example of the spectral decomposition of PSBTBT film absorption by
using an amorphous template. The solid black line is the real absorption of PSBTBT film. The
blue and red solid lines are the amorphous and aggregated component of the film, respectively.
Circle green line is the generated spectrum from both components. The area bellows the
spectrum of aggregate, and amorphous components represent aggregate and amorphous
chains.? Therefore, the relative ratio of aggregated chains to the entire chains in the film was
calculated by Equation A2-2:

AAaggregate
AAaggregate +1.53 (AAamorphous)

Fraction of aggregate = Equation A2-2
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Macroscopic hole-mobility
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Figure A2-4. An example of a field-effect SCLC line model fitting from the J-V characteristics of
PSBTBT film prepared from 20 mg/ml DCB solution spun at 3000 rpm.

Figure A2-4 shows an example of a J-V fitting process to extract hole mobility from the J-V

characteristic of PSBTBT film. For the J-V, the electric field effect SCLC model from Equation
1-4. was applied, and the value of u, was obtained gamma, by:

9 Ve -
Z e, = ¢ (0.89yVE) Equation 1-4

/=3
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A3. Appendix for Chapter 3
Absorption coefficients (a) of PCPDTBT and P3M4HT films

Figure A3-1 shows absorption coefficients («) of PCPDTBT (solid line) and P3M4HT
(broken line) neat films, spin-coated from chlorobenzene solution. The « of PS and PMMA
neat films at the studied wavelength ranges (300 — 1000 nm) was negligibly small. The
absorption of PCPDTBT in PCPDTBT/polymer blend films was obtained by subtracting the
absorption spectrum of the matrix polymer neat film (P3M4TH, PS, or PMMA) from the total
absorption spectrum of the PCPDTBT/polymer blend film. The absorption of PCPDTBT
shown in Figure 3-2(b) and Figure 3-8 in the main text are the results after the subtraction of

the absorption of a matrix polymer.

Energy (eV)
4 36 32 28 24 2 16

300 400 500 600 700 900
Wavelength (nm)

Figure A3-1. Absorption coefficients (o) of PCPDTBT (solid line) and P3M4HT (broken line)

films, spin-coated from chlorobenzene solution.
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Concentration dependence of the absorption spectrum of PCPDTBT in chlorobenzene
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Figure A3-2. UV-vis absorption spectra of PCPDTBT in chlorobenzene solutions. The PCPDTBT

concentrations shown are 0.005 mg ml * (black solid line) and 0.001 mg ml * (red open circles).

The absorption spectrum of aggregated PCPDTBT phase

In Ref. 1, Scharsich et al. obtained the absorption spectra of the aggregated PCPDTBT phase
using a multi-mode Franck-Condon (FC) analysis of PCPDTBT neat film absorption.t The solid
black line in Figure S3, the resulting absorption spectrum of the aggregated phase at 298 K in
the PCPDTBT neat film spin-coated from a CB and 1,8-diiodooctane mixed solution (this data
was provided from Ref. (1). The red open circles show the absorption spectrum of PCPDTBT

measured for the 5 wt.% PCPDTBT/P3M4HT blend film.

Absorption / Energy (a.u.)

Energy (eV)
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Figure A3-3. The solid black line shows the absorption spectrum of the aggregated PCPDTBT phase
reported by Scharsich et al.! The red open circles show the absorption spectrum of PCPDTBT in the
PCPDTBT/P3M4HT blend film containing 5 wt.% PCPDTBT. The absorption of PCPDTBT was
obtained by subtracting the absorption of the P3M4TH from the total absorption of the
PCPDTBT/P3M4HT blend film.

Spectral decomposition

The red open circles in Figure A3-4 show the absorption spectrum of PCPDTBT that was
experimentally determined for the blend films; this represents a mixture of absorption from
both the disordered and the aggregated PCPDTBT phase. The solid black line shows the
absorption of the aggregated PCPDTBT phase. The absorption spectrum of the aggregated
phase was shifted from the original spectrum (which is reported by Scharsich et al. in Ref. (1)
towards higher-energy wavelengths by 0.05 eV, such that the wavelength of its absorption peak
coincided with that of the primary 770-nm peak of the PCPDTBT absorption spectrum. By
referring to the absorption shape of the aggregated PCPDTBT phase, the PCPDTBT absorption
spectra were separated into superpositions of absorption from the aggregated and the disordered
PCPDTBT phase. Subtracting the aggregated PCPDTBT absorption (solid black line) from the
PCPDTBT absorption spectrum (red open circles) gives the absorption of the disordered
PCPDTBT phase, as shown by the black broken lines. In Ref. (1), Scharsich et al. have shown
that the oscillator strength of the aggregated PCPDTBT chains is 1.45-times greater than the
oscillator strength of the disordered PCPDTBT chains.! The fraction of aggregated PCPDTBT
in the mixture of the disordered and the aggregated PCPDTBT was then obtained according to
Equation A3-1, where AAggregate aNd AAdisordered are the areas below the absorption spectra of
the aggregated and disordered PCPDTBT phases, respectively.

AAaggregate
A4 aggregate'H 45(A4disordered)

The fraction of aggregate = x 100 Equation A3-1
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Figure A3-4. The red open circles show the absorption spectra of PCPDTBT in the
PCPDTBT/P3M4HT blend films with varying amounts of PCPDTBT ranging from 100 to 5 wt.%. The
absorption of PCPDTBT was obtained by subtracting the absorption spectrum of the P3M4TH from the
total absorption spectrum of the PCPDTBT/P3M4HT blend film. The solid black lines show the
absorption spectrum of the aggregated PCPDTBT phase reported by Scharsich et al.,* which was shifted
by 0.05 eV from its original position towards higher-energy (i.e., shorter) wavelengths. The black
broken lines show the absorption of the disordered PCPDTBT phase, as determined by subtracting the
aggregated phase absorption (solid black line) from the PCPDTBT absorption (red open circles).
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GIWAXS

Figures A3-5 (a) and (b) show 2-D GIWAXS images of PCPDTBT neat film and P3M4HT
neat film, respectively. Figures A3-5 (c—d) show 2-D GIWAXS images of PCPDTBT from
PCPDTBT/P3M4HT blend films. These images were obtained by subtracting the background
diffraction pattern containing amorphous P3M4HT from the total diffraction patterns of the
blend films. 1-D profiles were then constructed for the 2-D images shown in Figure A3-S5 (a,
c—d) by integrating the intensity at each q value over an azimuth range of 70-110° for the out-
of-plane profiles and 2—22° for the in-plane profiles. The spacings d were calculated from the
center positions of the Lorentzian-shaped peaks g via d = 27/q. The coherence length L. was
estimated from the Scherrer equation using the FWHM value determined from the fit and
assuming the shape factor K to be 0.9. The fitting results are summarized in Tables S1 and S2.
Here, the (100), (010), and (001) peaks refer to spacings d along the lamellar stacking direction,

7w stacking direction, and main-chain backbone direction, respectively.

q, (nm')
q, (nm™)

-0 5 0 5 10 15 20
q,, (nm™)

q, (nm')
q, (nm")

-10 -5 0 S 10 15 20 -10 -5 0 5 10 15 20
Gy (N Gyy (nm7)

Figure A3-5. 2-D GIWAXS images of (a) PCPDTBT neat film and (b) P3M4HT neat film, and those
of PCPDTBT from PCPDTBT/P3M4HT blend films containing (c) 50 wt.%, (d) 20 wt.%, and (e) 10
wt.% PCPDTBT. Out-of-plane and in-plane 1-D profiles were obtained by integrating the data from ¢
=701t0 110° and from ¢ = 2 to 22°, respectively.
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Table A3-1. Out-of-plane GIWAXS peaks for PCPDTBT in neat and blend films.

Concentration of Index gz (nm™) d (nm) FWHM Lc
100 (100) 5.69 111 1.88 3.01
(010) 16.50 0.38 3.42 1.65
50 (100) 5.64 112 1.69 3.35
(010) 16.53 0.38 3.14 1.80
20 (100) 5.38 1.17 1.50 3.76
(010) 15.96 0.39 4.27 1.32
10 (100) 5.20 121 1.27 4.44
(010) 15.47 0.41 3.58 1.58

Table A3-2. In-plane GIWAXS peaks for PCPDTBT in neat and blend films.

Concentration of Index Qxy d (nm) FWHM Lc (nm)
100 (001) 5.85 1.08 1.24 458
(002) 10.61 0.59 1.19 4.75
(010) 16.40 0.38 2.34 241
50 (001) 5.90 1.06 1.00 5.66
(002) 10.62 0.59 1.04 5.46
(010) 16.40 0.38 2.67 212
20 (001) 5.90 1.06 0.89 6.39
(002) 10.71 0.59 0.81 7.11
(010) 16.42 0.38 3.35 1.69
10 (001) 5.88 1.07 0.73 7.73
(002) 10.67 0.59 0.85 6.66
(010) 16.49 0.38 2.49 2.27
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DFT calculation

We optimized the structure of PCPDTBT at ©®B97XD/6-31G(d) using Gaussian16.®
Considering the computational cost, the side chains were displaced to methyl groups. Figure
S6 shows the optimized structure of the PCPDTBT repeat unit. The length (la) of one repeat
unit was 1.0709 nm. The highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) are shown in Figure S7. The HOMO is spread throughout the main

chain in the molecule. The LUMO is localized at 2,1,3-benzothiadiazole.

1, =1.0709 nm

Figure A3-6. The optimized structure of the PCPDTBT repeat unit.

@, . «°9 (b) y
S S g

Figure A3-7. Molecular orbitals of PCPDTBT (a) HOMO (b) LUMO.
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Comparation between PCPDTBT/ADS406PT and PSBTBT/ADS406PT
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Figure A3-8. UV-visible spectra of, PSBTBT/P3M4HT

Figure A3-8 shows the UV-vis spectra of PSBTBT/P3M4HT blend films. The decrease in
shorter wavelength indicates the decrease in amorphous contribution, which consequently

increasing aggregate contribution by blending.

AFM images

PCPDTBT P3M4HT PCPDTBT/P3M4HT PCPDTBT/PMMA PCPDTBT/PS

Height

Figure A3-10. Tapping-mode AFM topographical (a-e) and phase (f-j) images (4 um x 4 um)
of neat and blend films spin-coated from DCB solution. Neat films of PCPDTBT (a, f) and
P3M4HT (b, g). 10 wt.% of PCPDTBT blend films with P3M4HT (c, h), PMMA (d, i), and PS

(e J).
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A4. Appendix for Chapter 4

GIWAX results for PCBM, di-PDI, and PDI-2T

Table A4-1. GIWAXS results for PCBM, di-PDlI, and PDI-2T films.

q (nm1) d (nm) Lc (nm)
Film Index out-of- out-of- out-of-
in-plane in-plane in-plane
plane plane plane
PCBM 1st 7.25 7.22 — — — —
2nd 13.90 13.95 — — — —
3rd 20.35 20.53 — — — —
di-PDI 1st 3.35 — 1.88 — 3.31 —
2nd 14.10 14.58 0.45 0.43 0.69 0.83
P(PDI-2T) (100) 2.81 — 2.24 — 3.57 —
(001) 5.10 4.96 1.23 1.27 2.54 1.64
(010) 14.10 14.44 0.45 0.44 1.01 0.95
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