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Abstract
As the result of cutting-edge research over the last 40 years, organic electronics
technology has already entered into our everyday life. Ultra-high definition (UHD) curved
TVs and mobile devices with curved monitors are a few examples of this exciting
technology. Owing to their potential of low-cost, low-temperature, environmentally-friendly
manufacturability with high-throughput industrial production on any bendable, stretchable or
flexible substrate, this technology is emerging to the marketplace at a steady pace. The
applications of organic electronics can broadly categorise into the following three main areas:
(1) Organic Field-Effect Transistors (OFETs), which are of interest for application in radio
frequency identification tags, wearable electronics, chemical and biological sensors, memory
devices, inverter circuits, smart cards and electronic labels; (2) Organic Light-Emitting
Diodes (OLEDs), which are the basis of pixelated displays such as OLED UHD TVs, and are
of interest for solid-state lighting; and (3) Organic Photovoltaic (OPVs), which are being
developed to harvest solar energy to produce electricity taking the form of flexible and
bendable solar cells and portable chargers produced by roll-to-roll processing. Now, in order
to make organic electronics an everyday reality, solution processable Donor-Acceptor type
conjugated semiconducting polymers (D-A co-polymers) play a pivotal role. Thus, it is
important to understand the structure-function properties of this class of polymer. In
particular, the solid-state microstructure of these polymeric films directly affects the device
performance and charge transport properties. Since these polymers are processed from a
range of organic solvents, it is crucial to understand the effects of those solvents on the solidstate microstructure, and hence, on their device performance. Similarly, owing to the fact that
polymer chains of different length aggregate differently in a solvent (which can, in turn,
result in different thin-film microstructure), it is also crucial to understand the effects of
polymer chain length on solid state charge transport. To this end, this thesis studies a modern
high mobility D-A co-polymer, P(NDI2OD-T2), based on naphthalene diimide (NDI) and
bithiophene (T2), in conjugation with OFET studies to investigate the charge
transport/microstructure relationships. To investigate the film microstructure, this thesis
employs not only synchrotron-based X-ray techniques such as Near Edge X-ray Absorption
Fine Structure (NEXAFS) spectroscopy, Grazing Incidence Wide Angle X-ray Scattering
(GIWAXS) and Resonance Soft X-ray Scattering (R-SoXS) but also the neutron-based
technique of neutron reflectometry (NR). In addition to the in-depth studies of
structure/function relationships in P(NDI2OD-T2) thin films, this thesis also reports 6 short
NEXAFS spectroscopy studies revealing new insights into the nature of molecular orientation
in films of not only P(NDI2OD-T2) but also two other D-A co-polymers: dithienylbenzodithiophene (DT-BDT) and fluoro-benzo-thiadiazole (FBT) based polymer BFS4 and
cyclopenta-dithiophen (CDT) and thiadiazolo-pyridine (PT) unit based polymer PCDTPT.
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1.1 Organic Electronics: A Journey beyond Silicon
The research on electronics was grounded in the 19th century with the pioneering invention of
the first vacuum tube by Heinrich Geissler in 1855 and the explanation of the working
principle of cathode ray tubes by Sir Joseph Thomson in 1897.[1] In later years, a series of
subsequent configurations of vacuum tubes were developed to be used in conjugation with
televisions, oscilloscopes, radars and amplifiers. However, to overcome the limitations of
such bulky, fragile, slow, energy inefficient and heat producing vacuum units, promising and
reliable solid state devices were invented in the late-1920s and early-1930s by Julius
Lilienfeld[2] and Oskar Heil.[3] Such solid-state devices were later termed Field-Effect
Transistors (FETs), with the name transistor being shortened for transfer resistor. In the
following decades, many physicists and engineers worked on improving the performance of
FETs through optimisation of the device configuration and the materials used. For example,
the 1956 Noble Prize in Physics was jointly awarded to Walter Brattain and John Bardeen for
demonstrating the first transistor action in a Ge point-contact device,[4] and to William
Shockley for inventing the bipolar junction transistor (BJTs).[5] With the invention of MetalOxide-Semiconductor Field-Effect Transistors (MOSFETs) by Dawon Kahng and Martin
Atalla in 1959,[6, 7] and Thin-Film Transistors (TFTs) by Paul Weimer in 1961,[8] the door to
the silicon-based semiconductor technology was opened towards an ever progressing journey:
a journey of technological advancement best captured by Moore’s Law where a doubling of
the efficiency and number of components per unit area on an integrated circuit has been
witnessed every 1.5 to 2 years for the past 50 years.[9]
While thin crystalline silicon chips based on integrated inorganic semiconductor
devices are serving as the basis of modern day high-speed computing devices, a focus on the
following factors has motivated the development of technologies based on organic
semiconductors:[1, 10, 11]
1. reducing cost per unit area,
2. increasing functions per unit area,
3. fabricating microelectronic devices on large-area and on flexible substrates
4. enabling low-temperature manufacturability, and
5. facilitating low-cost and high-volume industrial production with highthroughput.
2
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Although electrical activity in organic materials was first reported as early as 1906
by Pochettino,[12] a major breakthrough was achieved by Alan G. MacDiarmid, Alan J.
Heeger, Hideki Shirakawa and co-workers in 1977 that has opened many new and exciting
applications. Specifically, this team reported the first successful synthesis of electrically
conducting organic polymers: halogen derivatives of polyacetylene, (CH)X.[13] With their
works being recognised by the 2000 Noble Prize in Chemistry, the door to the organic
semiconductor based electronics was opened in the late 20th century towards an ever
progressing journey: a journey of organic electronics beyond silicon, focusing mainly on
three fundamental applications:
1. Organic Photovoltaic Cells (OPVs),
2. Organic Light-Emitting Diodes (OLEDs), and
3. Organic Field Effect Transistors (OFETs).

1.2 Organic

Field

Effect

Transistors

(OFETs)

and

Thin

Film

Microstructure
Organic Field-Effect Transistors (OFETs) are Metal-Insulator-Semiconductor FieldEffect Transistors (MISFETs) in which the semiconductor is a conjugated organic material.
The first OFET, fabricated with polyacetylene, was demonstrated by Ebisawa et al. in
1982.[14] From that point forward, several breakthrough studies were reported in the past 40
years. In conjugation with synthesising new electron and hole conducting materials and
developing novel processes, the field-effect mobility, which is the key figure of merit of an
OFET, has increased by 5 to 6 orders of magnitude. In particular, the field-effect mobility has
increased from 10-4 cm2/Vs in the early 1980s to ~ 1 cm2/Vs in the first decade of the new
millennium, surpassing that of amorphous Si (a-Si). Nowadays, with exciting improvements
in organic electronics research involving controlled material synthesis, novel deposition
processes and better device stability, mobilities of > 10 cm2/Vs are now being reported
regularly, see Figure 1.1.
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Figure 1.1: Evolution of the field-effect mobility of p-channel and n-channel transistors;
Figure reproduced from ref. 10 and 15.
The active semiconducting layer of an OFET is based on an organic semiconductor,
with the use of solution-processable conjugated polymers providing the opportunity to
process the active layer from solution using techniques such as spin-coating, blade-coating,
ink-jet printing or roll-to-roll processing. In contemporary research, OFETs serve not only as
a fundamental building block for electronic devices such as for active matrix logic circuits of
an image-defining pixelated display, sensors, memory devices and radio frequency
identification tags (RFIDs), but also serve as an unparalleled tool to understand the
fundamental charge transport physics and the physical chemistry of such devices. To this end,
as the result of the extensive research carried out in the past four decades, a lot has achieved
so far in the field of OFET research.[16] However, despite all these advances in increasing the
library of materials with high charge mobilities as well as improving materials stability and
device engineering to realise low-cost electronics, OFET research is still in its infancy.
Indeed, there is still much room for investigation and improvement, with much still to be
learned. Of particular interest is the thin film microstructure of solution-processed films and
its effect on OFET performance. In particular, owing to a number of issues affecting the film
microstructure such as the molecular weight (MW) of a polymer, the solvent used to cast a
film and different solution processing techniques, polymeric thin films may form semi/para4
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crystalline, liquid crystalline and/or amorphous morphologies in the solid state. With an
external electric field, the charge transport through the film (and hence OFET mobility)
depends strongly on film microstructure, especially at the polymer/insulator (dielectric)
interface.[17-19]
Hence, to realise organic electronics as an everyday reality, studying the thin film
microstructure of high-performance conjugated polymers with advanced microstructural
techniques, and understanding the effect of thin film microstructure on OFET performance is
of paramount importance to the development of OFET technology.

1.3 Scope of this Thesis
This thesis presents work carried out with a focus on understanding the relationship
between the polymeric thin film microstructure and OFET performance of high-performance
donor-acceptor polymers. In doing so, a number of laboratory-based, synchrotron-based, and
neutron-based techniques are applied. The studies presented in this thesis cover a total of 3
donor-acceptor conjugated polymer systems: P(NDI2OD-T2), BFS4 and PCDTPT. While
P(NDI2OD-T2) is studied with respect to molecular weight (MW) effects (Chapter 4),
solvents effects (Chapter 5) and MW stratification in spin-coated thin films (Chapter 6),
BFS4 and PCDTPT are studied along with P(NDI2OD-T2) in Chapter 7 which focuses on the
molecular orientation of conjugated polymer thin films as revealed by Near Edge X-ray
Absorption Fine Structure (NEXAFS) Spectroscopy. As visual effects are often the easiest
means to communicate an idea, Figure 1.2 demonstrates the scope of this thesis in the form of
a simple cube, named Nahid’s Cube. Here, three planes of the cube present the donoracceptor co-polymers reported in this thesis, their molecular weight and the series of solvents
used. Similarly, the other three planes present laboratory-based, synchrotron-based and
neutron -based experimental techniques employed in this thesis to investigate the structurefunction relationships of those polymers.
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Figure 1.2: Nahid’s Cube, a graphical simple cube demonstrating the scope of this thesis. The
planes of the cube present the donor-acceptor co-polymers reported in this thesis, their
molecular weights, a series of solvents used to prepare thin films, and the laboratory,
synchrotron and neutron techniques employed in this thesis.
This thesis consists of four result-chapters with a detailed background and literature
review chapter and experimental methods chapter, details as follows:
Chapter 2 presents a detailed theoretical background on organic electronics and a
thorough literature review on the high performing n-type semiconducting polymer
P(NDI2OD-T2)

in

conjugation

with

OFET

performance,

processing

techniques,

microstructure studies and a set of thin film microstructure characterisation methods. This
chapter also presents two short reviews on recent work regarding the polymers BFS4 and
PCDTPT.
Chapter 3 presents the experimental methodology inherent to works presented in
the result-chapters (Chapter 4-7). This chapter is arranged in two sections: Materials and
Characterisations. The Characterisations section is divided into three sub-sections comprising
the tools and techniques used:
1. In the laboratory, such as OFET characterisation,
2. At a synchrotron facility, namely Near Edge X-ray Absorption Fine Structure
(NEXAFS) spectroscopy, Grazing Incidence Wide Angle X-ray Scattering
(GIWAXS), and Resonance Soft X-ray Scattering (R-SoXS), and
3. At a neutron facility, namely neutron reflectometry (NR).
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Each of these sub-sections presents the details of the working principle and
theoretical background along with the experimental setup and data accusation and analysis
techniques used to characterise the polymeric thin films.
Chapter 4 presents the first experimental study of this thesis: the effect of molecular
weight (MW) on the film microstructure of the high-performance n-type donor-acceptor copolymer P(NDI2OD-T2) is investigated in conjugation with top gate bottom contact (TGBC)
OFET performance. Here, a series of five MW batches of P(NDI2OD-T2) is investigated
processed from dichlorobenzene (DCB), which is a tolerably-good solvent for P(NDI2ODT2). This study reports an unconventional MW dependence of the field effect mobility where
the mobility is found to increase with decreasing MW, attributed to the formation of a liquid
crystalline microstructure with micron-long orientationally correlated domains in low MW
samples. This long range liquid-crystalline order originates from the non-aggregating, openchain conformation of low MW P(NDI2OD-T2) chains in DCB. The origin of this surprising
result is further tested by investigating films spin-coated from a poor solvent such as xylene
(XY). Interestingly, the OFET mobility of XY-cast films is found to increase with increasing
MW, due to the different aggregation behaviour of P(NDI2OD-T2) in solvents of different
quality. Thus, this study presents a valuable insight into structure-function relationships in
P(NDI2OD-T2) films and the influence of solution aggregation on microstructure formation.
Motivated by this study, further investigation of the effects of solvents on P(NDI2OD-T2)
OFET performance and microstructure are presented in Chapter 5.
Chapter 5 presents the second study of this thesis: the effect of solvent quality on
P(NDI2OD-T2) film microstructure and OFET performance. Here, a series of six solvents are
used to process P(NDI2OD-T2) films with keeping the MW fixed. Following from Chapter 4,
this study reports a strong correlation between the field effect mobility and solvent quality. In
particular, the P(NDI2OD-T2) OFET mobility is found to be directly correlated to the
following:
1. The extent of aggregate formation in solution,
2. The formation of long-range orientationally correlated domains, and
3. The average tilt angle of polymer backbones at the top polymer/dielectric
interface.
This study provides valuable insight into the effect of solvent quality and reports that
the poor solvents (such as toluene and xylene) promote the formation of larger liquid
7
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crystalline domains with highly edge-on oriented backbones at the top polymer/dielectric
interface. Based on the observation of this study (and previous studies) of a distinct edge-on
surface layer of P(NDI2O2-T2) chains on top of an otherwise face-on bulk, Chapter 6 is
concerned with the origin of such surface layers.
Chapter 6 presents the third study of this thesis: a study probing molecular weight
(MW) stratification in P(NDI2OD-T2) spin-coated films. Based on the observation that
P(NDI2OD-T2) chains of different molecular weight show different degrees of aggregation,
and that the microstructure of P(NDI2OD-T2) is affected by the aggregated nature of
P(NDI2OD-T2) chains, this chapter investigates the possibility that the top edge-on surface
layer in P(NDI2OD-T2) thin films originates from the MW stratification of polymer chains.
To test whether low MW chains (for example) separately nucleate or segregate at the top
interface during spin-coating, neutron reflectometry (NR) is employed, with low MW chains
deuterated to provide scattering contrast in an NR experiment. Although strong neutron
contrast is achieved through deuteration of the side chains of P(NDI2OD-T2), insufficient
evidence is found for molecular weight stratification, with the strong segregation of low MW
chains to the top surface ruled out.
Chapter 7 presents the final results chapter of this thesis: 6 short NEXAFS
spectroscopy studies revealing new insights into the nature of molecular orientation in films
of P(NDI2OD-T2) along with films of BFS4 and PCDTPT. These studies and their key
observations are briefly summarised as follows:
1. P(NDI2OD-T2) bottom vs. top interface: Independent of MW, P(NDI2ODT2) chains are found to be predominantly oriented face-on at the bottom
substrate/polymer interface, distinct to the top edge-on oriented polymer/air
interface.
2. P(NDI2OD-T2) annealing study: While the molecular orientation of chains at
the top surface of P(NDI2OD-T2) thin films are not found to change
significantly with annealing temperature, the bulk molecular orientation
probed with fluorescence yield (FY) NEXAFS spectroscopy are found to
change from predominantly face-on to edge-on with annealing above the
melting point (~ 320° C) and slowly cooled down to the room temperature.
3. P(NDI2OD-T2) degradation: An interesting change in the NEXAFS spectrum
of P(NDI2OD-T2) is observed with annealing at 300 C in ambient resulting
8
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from the cleaving of the octyl dodecyl side chains in the presence of water and
elevated temperature.
4. BFS4 dihedral angle: For the first time, NEXAFS spectroscopy is successfully
employed to discern a significant dihedral angle between different aromatic
subunits in the polymer repeat unit.
5. BFS4 multi-edge NEXAFS spectroscopy: BFS4 is studied with NEXAFS
measurements at the nitrogen, fluorine and sulphur K-edges.
6. PCDTPT rubbed films: The mechanical rubbing of PCDTPT films is found to
change the molecular orientation from edge-on to face-on.
Chapter 8 summarises the main findings of this thesis and provides an outlook for
future work.
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2.1 Introduction
In contrast to inorganic semiconductors such as Si and Ge, where the constituent
atoms are held together by covalent bonds, organic semiconductor (OSC) molecules interact
via weak van der Waals bonds. Different to the delocalised band-like charge transport that
characterises inorganic semiconductors, charge transport in OSCs is characterised by hopping
between localised states resulting from strong electron-phonon coupling and disorder
effects.[1]
Carbon atoms possess the ability to bond with other carbons in a number of different
ways, thanks to the process of hybridisation. Due to these different bonding configurations,
the number of OSCs synthesised in the laboratory is practically infinite. However, OSCs can
be categorised into two broad classes: small molecules and polymers. Whereas small
molecules have typical molecular weights of below 1 kDa, polymers are comprised of long
chains of repeating subunits with typical overall molecular weight exceeding 10 kDa. These
two classes of OSCs share many common characteristics. For example, when compared to
their inorganic counterparts, OSCs are softer, more tolerant to bending and strain, and easier
to melt and dissolve due to their weak intermolecular bonds and more disordered nature.
These inherent characteristics allow OSCs to be used in ways that are otherwise impractical
for inorganic semiconductors such as:
1. Flexibility: OSCs can be integrated with curved, flexible and stretchable
electronic and optoelectronic devices.[2-4]
2. Solution processability: OSCs are synthesised with aliphatic side-chains which
enable solubility in common solvents. This allows the processing of OSC
based electronic and optoelectronic devices by a range of solution processing
techniques such as spin-coating, [5] printing,[6, 7] or roll-to-roll[8, 9] processing.
3. Stamping, rubbing floating and transfer processing: Thin films may be further
processed by mechanical rubbing or transferring from one substrate to another
by the means of floating or stamping.[10-12]
4. Room temperature manufacturability: In contrast to inorganic semiconductor
manufacturing at high temperatures, such as the growing GeAs crystals at 600°
C,[13] OSC based solution processing is mostly performed at room temperature.
12
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When vacuum sublimation of small molecule OSC is performed, a maximum
temperature of a few hundred degree Celsius is required.[14]
5. Cost effective and environment-friendly: OSCs being synthesised from earthabundant materials, OSC based technology possesses the potential of low-cost
production with environment-friendly manufacturing.[15]
6. Substrates: Low temperature (room temperature for most solvent processes)
and softness of OSCs allow the use of a range of substrates to produce
lightweight, flexible and stretchable organic electronic devices.[2, 16, 17]
7. Thin architectures: OSCs allow device configurations with very thin layers,
often on the order of tens to a few hundreds of nanometres. This thinness of
the active layers is possible due to the fact that:
(1) OFET operation is a surface phenomenon (discussed in Section 2.2),
allowing the staggered device fabrication of circuits, memories,
sensors or RFID tags with a thickness of a few ten of nanometres.
(2) Organic photovoltaic (OPV) materials have high absorption
coefficients on the order of 5  105 cm-1, making the materials
optically thick at the peak absorption with as little as 10-20 nm of
material,[1] and
(3) Organic Light Emitting Diodes (OLEDs) can have 100 % internal
quantum efficiency, allowing emission layers on the order of 10-20
nm.[18]
Although the above make OSCs very promising, the disadvantages and challenges of
OSC research must also be acknowledged. In particular, OSCs possess lower mobilities
(often in the order of 10-5 to 101 cm2/Vs) compared to inorganic semiconductors, and they are
less robust to environmental exposure. Organic semiconductors are also often sensitive to
oxygen and moisture. Despite these challenges, organic electronics has been a subject of
active research over the last 40 years with significant progress; for example, OLED
technology has already penetrated into the marketplace in the form of OLED-based mobile
devices, TVs and monitors.[4, 19, 20]
13
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This chapter serves to introduce the key concepts and literature related to this thesis.
First, the working principle of an OFET is introduced followed by an introduction to the
theory of polymer-solvent interactions, important for understanding the solution processing
of semiconducting polymer films. Next, the electronic properties of carbon-based OSCs are
introduced along with a discussion on different types of OSCs. A detailed theoretical
background on the charge transport physics of carbon-based OSCs is then presented. A
particular focus is placed on the high performing donor-acceptor n-type polymer P(NDI2ODT2). With the focus on the film microstructure and OFET charge transport, a detailed
literature survey on P(NDI2OD-T2) is presented in the next section. Finally, two short
literature reviews on two other polymers studied in this thesis, namely, BFS4 and PCDTPT,
are also presented in the final section of this chapter.

2.2 Organic Field-Effect Transistors (OFETs)
Organic Field-Effect Transistors (OFETs) are essentially a triode with gate, source
and drain electrodes, and are counterparts of inorganic Metal-Insulator-Semiconductor FieldEffect Transistors (MISFETs), see Figure 2.1 for a schematic structure.
Solution processed semiconducting polymer films with a thickness of the order of
tens to hundreds of nanometres serve as the active layer in an OFET. This thin film, together
with a dielectric layer, are staggered in between the gate and source/drain electrodes. A
voltage applied to the gate with respect to the source/drain creates an electric field across the
dielectric layer. Thus, free charges accumulate at the film/dielectric interface. Provided a
sufficient charge density is reached so as to fill any interfacial trap states, these accumulated
charges are mobile and can move in the lateral plane of the interface from source to drain
(called the channel) when a potential difference between the source and drain is created.

14
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Figure 2.1: Schematic of an OFET, showing patterned gold source/drain electrodes as the
bottom contacts and aluminium electrode as the top gate. This makes an architecture of the
top gate bottom contact (TGBC) OFET with respect to the substrate. Note that the substrate
used in this thesis is a Si wafer with ~ 300 nm SiO2. Spin-coated films of polymeric
materials, for example, P(NDI2OD-T2) and dielectric materials, for example, CYTOP act as
the active layer and dielectric layer respectively, on top a spin-coated polyethyleneimine
(ethoxylated), layer (PEIE, 1-2 nm). This completes a TGBC OFET architecture comprising
Si/SiO2/PEIE/Au/P(NDI2OD-T2)/CYTOP/Al. OFETs reported throughout this thesis adopt
the same TGBC configuration with CYTOP as the dielectric layer as shown.
Different configurations of OFETs are possible depending on the position of the
electrodes with respect to the substrate, dielectric and semiconducting layers. So-called
“bottom-gate” structures have the gate electrode at the bottom of the sandwiched structure,
shown in Figure 2.2 (a) and (b), while “top-gate” structures have the gate electrode at the top,
shown in (c). The source/drain contacts can either be deposited underneath the
semiconducting layer (a) or on top (b); and hence, are referred to as either being “bottom
contact” or “top contact”. Thus, with the gate being at the bottom of the semiconducting layer
and the contacts being either at the bottom or at the top, the architectures are referred to as
Bottom Gate Bottom Contact (BGBC) and Bottom Gate Top Contact (BGTC), respectively,
as shown in Figure 2.2 (a) and (b). On the other hand, when the gate is at the top and the
source/drain contacts are at the bottom of the semiconducting layer (shown in 2.2 (c) and
Figure 2.1 as well), the transistor is referred to as a Top Gate Bottom Contact (TGBC)
transistor.

15
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Figure 2.2: Schematics of three commonly used OFET architectures: a) BGBC b) BGTC and
c) TGBC. Reproduced from ref. 21.
The working principle of an OFET is described as follows for a BGBC
configuration, as shown in Figure 2.3. With reference to the schematic diagram in Figure 2.3,
the distance between the source and drain electrodes is known as the channel length, L, while
the width between them across which charge injection/collection takes place is known as the
channel width, W. With the source being grounded, an induced current at the drain (Ids) can
be measured for different combinations of gate voltage (Vgs) and drain voltage (Vds).

Figure 2.3: Schematic of a BGBC transistor showing gate, source and drain electrodes as well
as the dielectric and semiconductor layers. Here, W = channel width and L = channel length.
Electrical measurements involve Ids = drain current; Vgs = gate voltage and Vds = drain
voltage, which is measured with respect to the source voltage (Vs) (grounded). Reproduced
from ref. 21.
Figure 2.4 presents three crucial operation regimes of an OFET. For the simplest
case where there is no voltage difference between the source and the drain, the device
essentially consists of only a gate electrode and a source electrode. If a positive voltage Vg is
16

|| Background ||

applied to the gate, negative charges are accumulated (and vice versa) at the active
layer/dielectric interface where the charge accumulated, Q is proportional to the applied
voltage, Vg, and the dielectric capacitance per unit area of the dielectric material, Ci.
However, not all the accumulated charges are mobile i.e. Q ≠ Qmobile, since deep traps at the
active layer/dielectric interface must be filled before they become mobile.[22] Hence, a
minimum gate voltage, called the Threshold voltage (Vth), has to be applied to overcome this
barrier, so the effective gate voltage becomes (Vg -Vth). The three operation regimes are
described as follows:
 Linear regime: If a small source-drain bias, Vds is applied where Vds < < Vg-Vth (see Figure 2.4 a), a linear gradient of charge density from injecting source
to collecting drain is formed; this operational regime is known as the linear
regime. In this regime, Ids  Vds and the potential across the channel, V(x)
increase linearly from the source (x = 0) to drain (x = L).
 ‘Pinched-off’ regime: With further increase of Vds where Vds = Vg -Vth (see
Figure 2.4 b), a depletion zone near to the drain is formed due to the difference
between Vg and V(x). This is called the ‘pinched-off’ regime as the channel
now pinched-off where Ids is no longer proportional to Vds and only a space
charge limited saturation current, Ids,

sat,

flows across this narrow depletion

zone. As such, the carriers are swept from the pinched-off point to the drain by
the comparatively high electric field, F(x), in the depletion region.
 Saturation regime: With further increase of Vds, Ids does not increase
significantly (see Figure 2.4 c), because the potential difference across the
source and the pinched-off zone remains the same with pinched off voltage,
Vpinched-off = (Vg -Vth). This results in a saturation of Ids,

sat

where no further

increase in the Ids, sat with Vds is observed. This operational regime is known as
the saturation regime.
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Figure 2.4: Schematics showing OFET operation regimes: a) linear, b) ‘pinched off’, and c)
saturation regime of an OFET. Reproduced from ref. 21.
In the gradual channel approximation where the induced mobile charge, Qmobile,
depends on the potential along the channel i.e. V(x),[23] the charges per unit area at the source
is related to the dielectric constant, Ci and applied gate voltage, Vg as:

𝑄𝑚𝑜𝑏𝑖𝑙𝑒 = 𝐶𝑖 (𝑉𝑔 − 𝑉𝑡ℎ − 𝑉(𝑥))

(2.1)

When diffusion is neglected, the drain current, Ids becomes:

𝐼𝑑𝑠 = 𝑊µ𝑄𝑚𝑜𝑏𝑖𝑙𝑒 𝐹(𝑥)

(2.2)

where, µ = field effect mobility and F(x) = dV(x)/dx is the applied electric field at position x.
Now using dV(x)/dx for F(x) in Equation 2.2 and then substituting Qmobile from Equation 2.2
to 2.1 gives:
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𝐼𝑑𝑠 𝑑𝑥 = 𝑊µ𝐶𝑖 (𝑉𝑔 − 𝑉𝑡ℎ − 𝑉(𝑥))𝑑𝑉

(2.3)

Hence, the drain current, Ids, in the gradual channel approximation can be found by
integrating Equation 2.3 from x = 0 to L, i.e. from V(x) = 0 to Vds. With the approximation in
the linear regime that Vds < < Vgs, Ids, lin can be written as:

𝐼𝑑𝑠,𝑙𝑖𝑛 ≈ (

𝑊𝐶𝑖
) µ𝑙𝑖𝑛 (𝑉𝑔𝑠 − 𝑉𝑡ℎ )𝑉𝑑𝑠
𝐿

(2.4)

Here, µlin is the intrinsic field-effect mobility of the semiconducting material in the linear
regime which can be extracted from Equation (2.4) by the gradient of Ids, lin versus Vgs at
constant Vds→ 0:

𝐿
𝜕𝐼𝑑𝑠,𝑙𝑖𝑛
µ𝑙𝑖𝑛 ≈ (
)(
) 𝑉𝑑𝑠
𝑊𝐶𝑖
𝜕𝑉𝑔𝑠

(2.5)

Now, since in the saturation regime the drain current is no longer linearly
proportional to Vds but rather saturates with increasing Vds, Equation 2.4 is no longer valid.
The drain current at this saturation regime, Ids, sat, can be obtained by replacing Vds with (Vg Vth), which yields:

𝑊𝐶𝑖
2
𝐼𝐷,𝑠𝑎𝑡 ≈ (
) µ𝑠𝑎𝑡 (𝑉𝑔𝑠 − 𝑉𝑡ℎ )𝑉𝑑𝑠
2𝐿

(2.6)

Here, µsat is the intrinsic field-effect mobility of the semiconductor materials in the saturation
regime, which can be extracted by assuming that the mobility is gate voltage independent.
Note that transistors made of modern high mobility polymers are often seen not to saturate
due to their almost disorder-free transport nature,

[34]

of charge transport framework in Section 2.4.

19

this is thoroughly discussed in the light

|| Background ||

2.3 Polymer-Solvent Interaction
This section presents a theoretical introduction to the interaction between polymer
chains and solvent molecules. Although conjugated polymer is a special class of polymer,
this section presents a generalised discussion on polymer/solvent interactions. Before going
into the details of the theoretical models, it is important to introduce a few essential
parameters and terminology.
2.3.1 Essentials
Molar Mass and Dispersity: The word polymer comes from the Greek words πολύς
(polus, meaning "many, much") and μέρος (meros, meaning "parts"), which essentially
means that a polymer is made of many parts.[24] A polymer, typically being a carbon-based
organic macromolecule, simply consists of many elementary units or monomers linked
together by covalent bonds. The synthesis of any polymer is a statistical process;[25] hence,
the mass of a polymer, M is calculated from the statistical average of the mass of its
constituted monomer, m and the number of monomers in a single chain of a polymer, termed
as the Degree of Polymerisation, N. As a result, the molar mass of a polymer based on only
one type of monomer is:

Molar Mass, 𝑀 = 𝑁𝑚

(2.7)

However, chain length, i.e., the Degree of Polymerisation, N, being a result of a
statistical distribution, the mass of a polymer sample is better defined by the different
statistical weightings as follows:

Number Average Molar Mass, 𝑀𝑛 =

∑ 𝑛𝑖 𝑀𝑖

Weight Average Molar Mass, 𝑀𝑤 =

∑ 𝑤𝑖 𝑀𝑖

∑ 𝑛𝑖

∑ 𝑤𝑖

(2.8)

(2.9)

Here, ni is the number of polymer chains with mass Mi and wi = niMi is the total mass of
chains with mass Mi. The different mass averages can be obtained experimentally, for
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example, Mn can be obtained by nuclear magnetic resonance (NMR), Mw by light scattering
experiments and both by gel permeation chromatography (GPC).
Also, by taking the ratio of the weight average and number average molar mass,
another essential quantity is usually defined to quantitatively describe the distribution of
molar mass, termed as dispersity, Ð:

Dispersity, Ð =

𝑀𝑤

(2.10)

𝑀𝑛

With Ð = 1 for a perfectly monodisperse polymer sample containing chains of only one chain
length.
Volumes and Volume Fractions: The volume occupied by a polymer chain
consisting of N monomers with volume vmon is simply Nvmon. Polymers are often dissolved
and/or melt in a monomeric solvent to make a polymer solution, and the volume of the
solution occupied by a polymer is better described by the volume fraction, φ, which is defined
by the fraction of the solution volume that is occupied by the polymer. The volume fraction
can also be related to the concentration, c and density, ρ of the polymer via:

Volume Fraction, φ = 𝑐⁄𝜌 =

𝑉𝑚𝑜𝑛 𝑁𝐴𝑣
𝑀𝑚𝑜𝑛

(2.11)

Where NAv = Avogadro’s number.
By taking into consideration the volume of solution spanned by a polymer chain
with typical radius R, where R reflects the radius of the smallest sphere that just encloses the
polymer chain, one can define the concept of pervaded volume, V, where V ~ R3. The
pervaded volume basically defines how extended or collapsed the chains of a polymer are in
a given solvent. With this, another volume fraction termed as, overlap volume fraction, φ*
can be defined as:

Overlap Volume Fraction, φ∗ =
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𝑉
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Which reflects the volume fraction of a polymer chain in its pervaded volume.
Dilute and Semi-dilute Solutions: Depending on the degree of interaction between
the polymer and monomer, their relative size and shape as well as on solution temperature
and pressure, the chains of a polymer can be sufficiently far apart from each other, or
sufficiently close that they overlap each other, shown in Figure 2.5. When the average
distance between two chains is larger than their size, the chains are considered free floating in
the solvent and the solution is termed a dilute solution (see Figure 2.5 (a)). On the other
extreme, when the chains overlap each other, the solution is termed a semi-dilute solution
(Figure 2.5 (c)). There is then a special case of overlap which occurs when φ = φ* (Figure 2.5
(b)), where the overlap volume fraction φ* represents the case at which neighbouring chains
just touch each other. The overlap volume fraction also represents the volume fraction above
which pronounced increases in solution viscosity occur. Dilute and semi-dilute solutions can
then be defined in terms of the volume fractions presented in Equation 2.13 and 2.14 as:

Dilute Solution: φ < φ*

(2.13)

Semi-dilute Solution: φ > φ*

(2.14)

With a corresponding overlap concentration, c* can also be defined as:

Overlap Concentration, c∗ =

𝜌𝑁𝑉𝑚𝑜𝑛
𝑉

(2.15)

As seen from Equation 2.15, c* depends on the degree of polymerisation of the
polymer and its pervaded volume, V. Hence, the interactions between the monomer of the
polymer and solvent define the overlap conditions: if monomer/monomer interactions are
preferred over monomer/solvent interactions, the polymer chain will tend to collapse (lower
V) resulting in a higher c* (Figure 2.5 (c)). On the other hand, if monomer/solvent
interactions are preferred, the polymer chain will adopt a more open conformation (larger V)
resulting in a lower c* (Figure 2.5 (a)).
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Figure 2.5: Schematics showing dilute, overlap and semi-dilute polymer solution regimes.
Figure adapted from ref. 24.
2.3.2 Thermodynamics of Polymer Solutions
2.3.2.1 Free Energy of Homogenous Solutions
A solution of polymer chains dissolved in a solvent can be treated as dilute, overlap
or semi-dilute, and can be understood qualitatively by considering a simple picture of
polymer chain volume and volume fraction. However, a complete understanding of the
solubility of a polymer in a solvent needs a thermodynamic approach, where the physics can
be understood in terms of the free energy of a homogeneous system, ∆Gm.
Whether two components mix to form a homogeneous system depends on the
minimisation of the free energy, ∆Gm. The Gibbs free energy can be defined in terms of
canonical variables, [T, P, N] i.e., temperature, pressure, and number (of moles) of molecules
as:

Gibbs Free Energy, G = 𝐺(𝑇, 𝑃, 𝑁)

(2.16)

For a two-component system, i.e., a monodisperse polymer and solvent system, the
free energy of mixing of the system, ∆Gm, is simply the difference in the Gibbs free energies
of the polymer-solvent mixture and the pure quantities of polymer and solvents, expressed as:

Free Energy of the Homogenous System,
(2.17)
∆𝐺

𝑚

= 𝐺(𝑇, 𝑃, 𝑁1 , 𝑁2 ) − [𝐺

0 (𝑇,

𝑃, 𝑁1 ) + 𝐺
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Here, the superscript 0 denotes the pure phases of polymer and solvent monomers consisting
of N1 and N2 number of molecules, respectively.
Now, when ∆Gm is negative, i.e., ∆Gm < 0, the polymer chains become soluble into
the solvent, and when ∆Gm is positive, i.e., ∆Gm > 0, the chains do not dissolve and remain in
their own ‘phases’. Hence, ∆Gm is the sum of both the enthalpic and entropic terms, and
consequently, a sensitive balance between the entropy of mixing ∆Sm and the enthalpy of
mixing, ∆Hm, determining the solubility as:
∆𝐺 𝑚 = ∆𝐻 𝑚 − 𝑇∆𝑆 𝑚

(2.18)

Since entropy always favours mixing, the entropy term of the free energy, -T∆Sm is
always negative. So, the enthalpy term, ∆Hm determines the positive or negative outcomes of
the free energy, ∆Gm, and hence, the outcome of the mixing:
1. ∆Hm < 0, i.e., ∆Gm is negative: the interactions between solute and solvent
favour mixing at any temperature and composition.
2. ∆Hm > 0, i.e., ∆Gm can both be negative or positive. Now, depending upon the
balance of the favourable entropy gain of mixing and the dis-favourable
enthalpic penalty of mixing which are both moderated by temperature, T, there
are two outcomes determined by the solution temperature:
a. At lower temperatures, the enthalpic term dominates and no
mixing occurs.
b. At higher temperatures, the entropic term dominates and results in
a partial or homogeneous mixing.
This two-component mixture can be best described in the framework of Regular
Solution (RS) Model when both the components are equi-sized. In the light of
polymer/monomer interactions, however, the RS model needs to be extended, where the
thermodynamics is described by the Flory-Huggins (FH) Solution Model. Hence, the
following section discusses the FH model thoroughly with keeping the RH model into
consideration.

24

|| Background ||

2.3.2.2 Regular Solution (RS) Model
The Regular Solution (RS) model considers the mixing of two equi-sized
components. For an equi-sized two-component mixture system, the total number of
molecules in the system (expressed in moles) is the sum of a total number of the two
individual components, i.e., N ≡ N1 +N2. The total mole fraction is the sum of individual
mole fractions x1 and x2, making the system comprising only of those two components, i.e., x1
+ x2 =1. Hence, irrespective of the formation of phases, the total mole fractions can be written
as x1 = N1/N and x2 = N2/N.
Now, let μ1, μ2 = chemical potential of species 1 and 2, respectively, in the
homogeneous mixture and μ10, μ20 = chemical potential of species 1 and 2, respectively, in
their pure, undiluted states. With these notations and keeping T and P constant, Equation 2.18
can be written as:
∆𝐺 𝑚
= 𝑥1 (µ1 − µ10 ) + 𝑥2 (µ2 − µ02 )
𝑁
So that, 𝑥1 𝑑(µ1 ) + 𝑥2 𝑑(µ2 ) = 0

(2.19)

(2.20)

Equation 2.19 is the Gibbs-Duhem Equation. Gibbs-Duhem Equation states that for
a closed system with T, P and N being kept constant, any change in the partial molar Gibbs
free energy of species 1 must be balanced by a restoring change in the partial molar Gibbs
free energy or chemical potential of species 2, and that the free energy balance in the system
is determined by the molar amounts of species 1 and 2 (Equation 2.20).
Taken together, these two Equations can be re-written to express free energy in
terms of the chemical potentials of the species as:

(µ1 − µ10 ) = (∆𝐺 𝑚 ⁄𝑁) + 𝑥2

𝑑(∆𝐺 𝑚 ⁄𝑁)
𝑑𝑥1

(2.21)

𝑑(∆𝐺 𝑚 ⁄𝑁)
𝑑𝑥2

(2.22)

(µ2 − µ02 ) = (∆𝐺 𝑚 ⁄𝑁) + 𝑥1
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The physical significances of Equation 2.21 and 2.22 are better described with a plot
of free energy versus mole fraction. Figure 2.6 presents a plot of ∆Gm/N vs. x1 of an equisized two-component system at a constant P and N, and at a temperature T, where partial
mixing of the components occurs. From the relationship shown in Equation 2.21 and 2.22,
and in Figure 2.6, the following physical interpretations can be deduced:[26]
1. ∆Gm = 0 at x1 = 0 or 1, indicating that there is no change in the Gibbs free
energy for a pure component (trivial cases).
2. Gm/N < 0 for all x1, indicating that mixing is thermodynamically favoured to
pure unmixed phases.
3. For some compositions, the shaded regions bounded by the binodals, an
initially mixed system can lower its overall energy by phase-separating into
regions of different composition. The local maximum of the ∆Gm/N curve
(identified by the grey square in Figure 2.6) is the composition where the
system can lower its energy the most.
4. The binodal points represent the compositions of the two separate phases that
result in the lowest energy after phase separation.
5. The region bounded by the binodals can further be separated into regions
distinguished by their different stability: due to the negative curvature of the
∆Gm/N curve in the orange shaded region in Figure 2.6 in between the two
points, labelled spinodals, the mixing is not homogenous over this particular
region (unstable region).
6. The region between the binodals and spinodals is referred to as the metastable
region, where the solution can only phase separated by the process of
nucleation and growth.
7. With increasing temperature, however, the spinodals eventually merge
together and the instability region vanishes for a higher temperature, shown T3
in the inset of Figure 2.6. This temperature corresponds to a critical
temperature, Tc at which uniform mixing occurs for all compositions. The
higher the Tc, the more difficult it is to mix the components.
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Figure 2.6: ∆Gm/N vs. mole fraction of species 1 (x1) for a two-component system at a
constant N and P, and at a temperature, T where partial mixing occurs. Binodals of the
composition bound the homogenous mixture region (yellow-shaded) and spinodals bound the
unstable region (orange-shaded). Between these binodals and spinodals, there lies a region of
metastability. The inset shows the same: ∆Gm/N versus x1 curve for a range of temperatures
where T1 < T2 < T3 < T4 < T5, with arrows indicating binodals and spinodals found at lower
temperatures, T1 and T2. Figures are adopted from the lecture of Prof. E. Sevick, Australian
National University.
2.3.2.3 Flory-Huggins (FH) Solution Model
Clearly, the RS model provides a theoretical framework to discuss the mixing of two
components. However, the RS model assumes an equi-sized system which is not directly
applicable to a polymer/solvent system. In particular, when an interaction of polymer is
considered with a monomeric solvent, the results deviates hugely from this ideal concept.
Although the Hildebrand-Scott (HS) Solution Model provides an improved picture of the RS
model with two components that differ in size, the HS model does not consider the
mathematical formulation of a large-sized molecule with repeat units, i.e., a polymer. Hence,
the Flory-Huggins (FH) Solution Model was developed to describe polymer-solvent
interactions. The FH model is a lattice-based model with the following assumptions:
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1. Monomers are the same size as the lattice volume,
2. Any attractive or repulsive interactions are small enough not to introduce any
position correlations, where the monomers are randomly distributed over the
lattices sites, and
3. The monomer units are linked linearly to form chains of Ŋ units. Thus, the
lattice is filled with N1 solvent molecules and ŊN2 monomer units where N2 is
the number of polymer molecules and N1 + ŊN2 is the total number of lattice
sites.
Now, to find the entropy of mixing two components with the above mentioned
assumptions, one needs to count the number of ways of placing N2 polymers, each of which
contains indistinguishable Ŋ monomer units, onto a lattice of size N. In the light of the meanfield approximation, the change in entropy, ∆Sm, according to the FH model is given by:

∆𝑆 𝑚 = −𝑅(𝑁1 + ŋ𝑁2 ) ∗ (𝜑1 ln 𝜑1 +

𝜑2
ln 𝜑2 )
ŋ

(2.23)

Where, R = universal gas constant, φ1 = solvent volume fraction = N1/ (N1 + ŊN2) and φ2 =
polymer volume fraction = ŊN2/ (N1 + ŊN2).
The change in enthalpy, ∆Hm, for the FH model, however, is the same to that of the
RS model, provided that the mean-field approximation condition is satisfied. This is given
by:
∆𝐻 𝑚 = (𝑁1 + ŋ𝑁2 ) ∗ ß𝜑1 𝜑2

(2.24)

Where, ß = combined interaction considering solvent-solvent (ε11), solvent-solute (ε12) and
solute-solute (ε22) interactions and given by, ß = (ε12 – ½ ε11 – ½ ε22).
Now, combining the enthalpic and entropic terms given in Equation 2.23 and 2.24,
respectively, into Equation 2.18 yields the Gibbs free energy for FH model as:

∆𝐺 𝑚
𝜑2
= ß𝜑1 𝜑2 + 𝑅𝑇(𝜑1 ln 𝜑1 +
ln 𝜑2 )
𝑁
ŋ
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𝑜𝑟,

∆𝐺 𝑚
𝜑2
= 𝜒𝜑1 𝜑2 + 𝜑1 ln 𝜑1 +
ln 𝜑2
𝑁𝑅𝑇
ŋ

(2.26)

Where, χ = ß/RT, is called the Flory-Huggins interaction parameter.
The difference between the expressions for the free energy in the FH model
(Equation 2.26) and RS model (Equation 2.19) are as follows:
1. FH model considers the volume fractions whereas RS model considers mole
fractions, and
2. Unlike the RS model, FH model is no longer symmetric in concentration due
to the (1/ŋ) influence at the RHS of Equation 2.26.
While the FH model is a more advanced mathematical representation of the
thermodynamics of a polymer/solution system compared to the RS model, it is not free from
its limitations. For example, often times it cannot replicate a real world scenario, mostly due
to (1) the assumptions it is based on, and (2) the increased structural and mechanical
complexities involved in a real world system. However, the FH model presents the essentials
of the thermodynamics of a polymer/solution system and effectively describes different
solvent quality for a polymer/solvent pair as being either good-, theta- or poor solvent,
thoroughly discussed in the following sections.
2.3.2.4 Solvent Quality: Good-, Theta- and Poor -Solvent
2.3.2.4.1 Considering Energetic Interactions
For a given solvent-solute pair at a constant temperature, the solvent can be
described as being either a good solvent, a poor solvent or a theta solvent depending on the
solvent quality. To understand the solvent quality for a particular solvent-solute pair,
understanding the physical significance of the FH model is the key. Like the RS model, the
FH model is also best understood in terms of the chemical potentials and diagrams such as
the one presented in Figure 2.6. Writing Equation 2.26 with the FH model notations by
considering the volume fractions instead of the mole fractions, yields:
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(µ1 − µ10 )
𝑑(∆𝐺 𝑚 ⁄𝑁𝑅𝑇)
= (∆𝐺 𝑚 ⁄𝑁𝑅𝑇) + 𝜑2
𝑅𝑇
𝑑𝜑1

(2.27)

(µ2 − µ02 )
𝑑(∆𝐺 𝑚 ⁄𝑁𝑅𝑇)
𝑚⁄
= (∆𝐺 𝑁𝑅𝑇) + 𝜑1
𝑅𝑇
𝑑𝜑2

(2.28)

Together with the same diagram presented in Figure 2.6, these two Equations
provide the following physical interpretations for a pair of solvent-polymer system:[26]
1. At the critical temperature (Tc), the spinodals merge together, see the inset of
Figure 2.6. At this temperature, the Flory-Huggins interaction parameter, χc
can be expressed only in terms of the number of indistinguishable monomer
units, ŋ as:

1
1+ŋ

(2.29)

ß
1 1
1
= +
+
𝑅𝑇𝑐 2 2ŋ √ŋ

(2.30)

𝜑𝑐 =

𝜒𝑐 =

2. Larger polymers are more difficult to solubilise (larger ŋ leads to larger Tc).
3. When chains first de-mix from solution at Tc, the volume fraction of the
polymer is very low (Equation 2.30)
4. For a given monomer-solvent pair where ß = constant, χc decreases with
increasing number of monomers in the limit of N ∞, χc  0.5 (Equation
2.30).
5. There exists a temperature, referred to as theta temperature, Tθ, at which
monomer-solvent interactions are neither favourable nor unfavourable so that
the polymer chains are unperturbed by any interaction. At this condition, the
solvent is referred to as a theta-solvent for the polymer/solvent pair in
consideration.
30

|| Background ||

6. At T > Tθ, the monomer-solvent interactions are favourable so that the
polymer chains are homogeneously mixed in solution. At this condition, the
solvent is referred to as a good solvent for the polymer/solvent pair in
consideration.
7. At T < Tθ, the monomer-solvent interactions are no longer favourable, while
the solvent/solvent and/or monomer/monomer interaction overcome the
monomer/solvent interaction so that polymer chains de-mixes into phases of
compositions at which these unfavourable interactions balance the mixing
entropy. At this condition, the solvent is referred to as a poor solvent for the
polymer/solvent pair in consideration.
2.3.2.4.2 Considering Probabilistic Strategy
To understand the solvent quality in terms of a probabilistic strategy that real-world
polymer chains adopt in a solution, the FH model obtains the concept of excluded volume and
Kuhn length. Excluded volume, Vexcl refers to the idea that one part of a long chain molecule
cannot occupy a space that is already occupied and it is a function of the solvent and
temperature condition. This volume is thought to be occupied by one section of the chain that
is inaccessible to others and is not necessarily equal to the physical volume. On the other
hand, the Kuhn length is a conceptual length of a polymer chain which is thought to be a
freely jointed segment of length b and diameter d, independent of the orientation of the other
segments of a chain.
Now, considering a single polymer chain segmented into Kuhn monomers of length
b and diameter, d, the excluded volume, Vexcl of monomers can be smaller, equal or larger
than the cylindrical Kuhn volume, VKuhn = b2d. From this terminology, the solvent quality for
a pair of polymer/solvent can be defined as follows:

Athermal-solvent: 𝑉𝑒𝑥𝑐𝑙 ≈ 𝑉𝐾𝑢ℎ𝑛

(2.31)

Good-solvent: 𝑉𝑒𝑥𝑐𝑙 < 𝑉𝐾𝑢ℎ𝑛 [0 < 𝑉𝑒𝑥𝑐𝑙 < 𝑏 2 𝑑]

(2.32)

Theta-solvent: 𝑉𝑒𝑥𝑐𝑙 ≈ 0

(2.33)
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Poor -solvent: 𝑉𝑒𝑥𝑐𝑙 > 𝑉𝐾𝑢ℎ𝑛 [− 𝑏 2 𝑑 < 𝑉𝑒𝑥𝑐𝑙 < 0]

(2.34)

Non-solvent: 𝑉𝑒𝑥𝑐𝑙 ~ − 𝑏 2 𝑑

(2.35)

For example, ethylbenzene is an athermal solvent for polystyrene where the
monomers and solvent molecules are energetically the same (Equation 2.31); however,
polystyrene in water is a non-solvent case where highly interactive aggregate in collapsed
coils, excluding water monomers from those coils (Equation 2.35). In between these two
extremes, benzene and ethanol act respectively are a good- and a poor solvent for
polystyrene, Equation 2.32 and 2.34. On the other hand, cyclohexane at 34.5° C act as the
theta solvent for polystyrene, where the polymer chains remain inert to itself with the
monomer/solvent

interactions

balancing

the

monomer/monomer

excluded

volume

interactions.
2.3.2.4.3 Considering Thermal Energy
To understand the concept of solvent quality in terms of the thermal deformation of
a polymer chain, the theoretical concept of the thermal blob is defined. Thermal blob is a
section of the chain where the chain behaves as an ideal chain. At this length scale, ζT, the
thermal blob contains sufficient thermal energy to overcome excluded volume interactions
where the number of monomers contained in the thermal blob is, gT. Now, if r is the typical
size of a polymer chain containing a total of N indistinguishable monomers, the quality of the
solvent for a particular solvent/polymer pair can be understood empirically from the
relationship between r and N, shown in Figure 2.7. From Figure 2.7:
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Athermal-solvent: 𝑟 ~ 𝑁

3⁄
5 , 𝑤ℎ𝑒𝑛

𝑁> 𝑏

(2.36)

3⁄
5 , 𝑤ℎ𝑒𝑛

𝑁 > 𝑔𝑇

(2.37)

Theta-solvent: 𝑟 ~ 𝑁

1⁄
2 , 𝑤ℎ𝑒𝑛

𝑁 > 𝑔𝑇

(2.38)

Poor -solvent: 𝑟 ~ 𝑁

1⁄
3 , 𝑤ℎ𝑒𝑛

𝑁 > 𝑔𝑇

(2.39)

Good-solvent: 𝑟 ~ 𝑁

Non-solvent: 𝑟 ~ 𝑁

1⁄
3 , 𝑤ℎ𝑒𝑛

𝑁> 𝑏

(2.40)

Figure 2.7: Log-log plot of r vs. N for different solvent quality, showing the thermal blob
length, ζT and number of monomers in a thermal blob, gT with ideal Kuhn length, b.
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2.4 Charge Transport Physics
2.4.1 Essentials
This section presents a background to the mechanisms of charge transport in carbonbased organic solids with a special focus on polymeric OSCs.
The versatility of carbon-based materials originates from its remarkable ability to
form single, double or triple bonds, made possible through the hybridisation of atomic
orbitals (AOs). Figure 2.8 (a) and (b) show the electronic configuration of a carbon atom in
the ground and in an excited state, respectively. Unlike the two inner 1s electrons, the four
valence electrons in the outer 2s and 2p subshells play an active role in the formation of
bonds. In the excited state depicted in Figure 2.8 (b), an electron is promoted from a 2s
subshell to the 2p subshell, resulting in one spherical s orbital and three elongated p orbitals
as shown in Figure 2.8 (d). These four electrons can hybridise in three different ways:
1. The mixing of the s orbital with the three p orbitals leads to the formation of
four tetrahedrally oriented sp3 orbitals, each of which being capable of forming
a single σ-bond (C—C) with another sp3 hybridised carbon atom, as shown in
Figure (e);
2. The mixing of the s orbital with two p orbitals leads to the formation of three
sp2 orbitals oriented at 120 to each other and in the same plane. Each of these
sp2 orbitals is capable of forming a single σ-bond, with the non-hybridised pz
orbital also capable of forming a π-bond with a neighbouring sp2 hybridised
carbon atom, leading to the creation of a double bond (C=C), as shown in
Figure (f); and
3. The mixing of the s with one p orbital leads to the formation of two sp orbitals
oriented in opposite direction and perpendicular to the unhybridized py and pz
orbitals. Each sp hybridised carbon atom is capable of forming two σ-bonds
and two π-bonds, giving rise to a triple bond (C≡C) with another sp hybridised
carbon atom, as shown in Figure (g).
Organic semiconductors (OSCs) are carbon-based materials which are characterised
by alternating single and double bonds. This conjugated nature facilitates the extended
overlapping of atomic orbitals and hence, the delocalisation of π-electrons throughout the
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system. This type of system is best described in the light of Molecular Orbital (MO) theory,
where the wavefunction of the system is described by a combination of the orbitals of the
constituent atoms. In the approximation of the Linear Combination of Atomic Orbitals
(LCAO) approach, a molecular orbital is described as a sum of n atomic orbitals, expressed
as:

𝜓 = ∑ 𝑐𝑛 𝜓𝑛

(2.41)

𝑛

Hence, when two atoms A and B form a molecule, their AOs can combine in two ways:

𝜓 = 𝑐𝐴 𝜓𝐴 + 𝑐𝐵 𝜓𝐵

(2.42)

𝜓 ∗ = 𝑐𝐴 𝜓𝐴 − 𝑐𝐵 𝜓𝐵

(2.43)

The MO resulting from Equation 2.42 is called the π-bonding MO or Highest
Occupied Molecular Orbital (HOMO), and the MO resulting from Equation 2.43 is called the
π*-antibonding MO or Lowest Unoccupied Molecular Orbital (LUMO). Now, increasing the
number of atoms in the molecule results in more atomic orbitals, resulting in bands of
bonding () and anti-bonding (*) orbitals as shown in Figure 2.8 (c). Similar to inorganic
semiconductors, these bands are also referred to as valence and conduction bands, although
the charge transport physics of organic semiconductors differs fundamentally to that of
inorganic semiconductors. This section presents a detailed discussion on the charge transport
physics of OSCs with a comparison to that of inorganic materials.
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Figure 2.8: Electronic configuration of carbon in the (a) ground state and (b) an excited state;
(c) illustration of the band structure representation of an OSC comprising of the valance and
conduction bands (VB and CB, respectively). This is driven from the superposition of many
bonding and antibonding molecular orbitals due to the hybridisation of spherical s and
elongated p orbitals shown in (d). These atomic orbitals hybridise to form sp3, sp2 and sp
hybridisations, presented in (e), (f) and (g), enabling single, double and triple carbon-carbon
bonds, respectively. Figures adapted and reproduced from ref. 27.
Organic solids, often referred to as soft materials, consist of molecular subunits
whether they be the repeating monomer units of a polymeric OSC or a small molecule OSC.
These molecular subunits can form molecular crystals, amorphous molecular films or
polymeric films in the solid-state. As illustrated in Figure 2.8 (c), OSCs are carbon-based
molecules where the delocalisation of electrons along the backbone results in the formation
of bonding and anti-bonding MOs. In the ground state, the bonding orbitals are filled with
electrons filling the states up to the HOMO level, and the anti-bonding states are empty from
the LUMO level and above. Charge transport through an OSC is only possible when there is
an additional charge of the molecular unit, which may either be an additional electron in the
conduction band or an additional hole in the valence band (produced through the removal of
an electron). With this additional charge carrier, the system is said to be in a charged excited
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state. This additional charge may be obtained by the injection/extraction of an electron
to/from the system, the oxidation/reduction of the molecule by a dopant, or by
photoexcitation and the subsequent disassociation of a tightly bound exciton via electron
transfer to an adjacent molecule. Now, from a charge transport perspective, the main
characteristics that distinguish organic semiconductors from inorganic semiconductors are:
(1) large degrees of spatial and energetic disorder and (2) strong electron-phonon coupling.
While the optoelectronic properties of conjugated polymers are enabled by the delocalisation
of charge resulting from the conjugated nature of these materials (i.e., alternating singledouble bonds), charge transport in such materials is characterised by hopping from one
localised state to another. This behaviour is fundamentally different to that in the inorganic
materials such as Si or Ge crystals, in which charge transport takes place as described by a
band-like model such as the nearly-free electron approximation.
Spatial and energetic disorder: In 1931, Wolfgang Pauli commented about
semiconductors in a letter to Rudolf Peierls:[28] “one shouldn’t work on semiconductors, that
is a filthy mess; who knows whether any semiconductors exist.” Clearly, Pauli was proven
wrong in later years with semiconductors being integrated into everyday life especially after
the World War II; however, his comment on the disordered nature of semiconductors is still
pertinent today. Interestingly, the comment becomes even more relevant as far as organic
semiconductors are concerned. Indeed, both spatial and energetic disorder are problematic for
OSC materials. In fact, in a disordered system such as a conjugated polymer chain, due to the
chemical and conformational defects, the electrons are only delocalised over a certain length
of the chain. Hence, a chain can be considered as a linear combination of sub-sections, where
the delocalisation of the electrons is effective over that sub-section. This hypothetical length
of a polymer chain is called the conjugation length. In practice, when a system of polymeric
OSC is considered, the conjugation length poses a statistical distribution similar to the molar
mass. Charge transport in these organic materials largely depends on the disorder, inherent to
this class of materials.
Electron-phonon coupling: When a charge is introduced (addition of an electron or
removing a hole) to a neutral conjugated polymer chain with a particular lattice geometry, the
system reorganises its bond geometry to accommodate the charge. As a result, the system
reduces its overall energy via a localised rearrangement in lattice positions in the immediate
vicinity of that additional charge. This lowers the energy of the system relative to the charge
excited state with an additional charge but with the lattice geometry unperturbed. Now, to
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move this combination of charge and local lattice distortion to another site requires energy,
thus the charge is localised by the lattice distortion. This combination of charge and local
lattice rearrangement is termed a polaron, resulting from the coupling of the electronic state
to the vibrational state (phonon) of the molecule; hence the term, electron-phonon coupling.
In the context of OSCs, polarons are thought of a combination of the following two: (1) freeradical (or an electron or hole) and (2) the surrounding region of the quinoid-phase of the
OSC. For example, Figure 2.9 shows the chemical and band structure of a hole-polaron (hole
and a free-radical), an electron-polaron (electron and a free-radical), a bipolaron (two
electrons or, two holes) and an exciton (an electron-hole pair) in the context of the polymer
poly(para-phenylene), PPP. Thus, one needs to consider this electron-phonon when
modelling the charge transport physics of this class of material. Note that quinoid-phase is
defined as the alternative conjugated structure of the bonding geometry which shows higher
energy in the ground state that can be stabilised by the presence of additional charge.

Figure 2.9: Chemical and band structure of (a) hole-polaron, (b) electron polaron, (c) hole bipolaron and (d) exciton shown in the context of the polymer poly(para-phenylene), PPP. The
quinoid phase is also shown in (a). Figure is adapted from ref. 29.
2.4.2 Framework
In the light of Hückel theory,[30, 31] which ignores contributions of σ-electrons to the
electronic properties of the system, charge transport only takes place within the delocalised πelectrons. The nature of charge transport in OSCs depends on the interplay of electronic
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coupling between the molecular units as well as between the inter- and intra-molecular
vibrations, and the static and dynamic disorder of the materials in the solid state.[32] Hence, it
is convenient to start discussing the charge transport physics in the OSC materials with a
scheme that takes all these various contributions into account. Such an approach can be
obtained by considering the one-electron Hamiltonian as follows:[1, 32, 33]

𝐻 = 𝐻𝑜 + 𝐻1 + 𝐻2 + 𝐻3 + 𝐻4

(2.44)

With each term describing the following contributions:
Electronic and vibrational excitations (in light of the Born-Oppenheimer
approximation):

1
𝐻𝑜 = ∑ 𝐸𝑛 𝑎𝑛† 𝑎𝑛 + ∑ ℏ𝜔𝑙 (𝑏𝑙† 𝑏𝑙 + )
2
𝑛

(2.45)

𝑙

Electronic transfer:

𝐻1 = ∑ 𝐽𝑚𝑛 𝑎𝑛† 𝑎𝑚

(246)

𝑛

Electron-phonon coupling (diagonal, local):

†
2
𝐻2 = ∑ ∑ 𝑔𝑛𝑙
ℏ𝜔𝑙 𝑎𝑛† 𝑎𝑛 ( 𝑏−𝑙
+ 𝑏𝑙 )
𝑛

(2.47)

𝑙

Electron-phonon coupling (off-diagonal, non-local):

𝐻3 =

∑

†
2
∑ 𝑓𝑛𝑚𝑙
ℏ𝜔𝑙 𝑎𝑛† 𝑎𝑚 ( 𝑏−𝑙
+ 𝑏𝑙 )

𝑛,𝑚; 𝑛≠𝑚 𝑙
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Static disorder (diagonal and off-diagonal):

𝐻4 = ∑ ∆𝐸𝑛 𝑎𝑛† 𝑎𝑛 +
𝑛

∑

∆𝐽𝑚𝑛 𝑎𝑛† 𝑎𝑚

(2.49)

𝑛,𝑚; 𝑛≠𝑚;

Here,
1. an and an† = annihilation and creation operators, respectively, that act on the
electronic component of the wave function.
2. bn and bn† = annihilation and creation operators, respectively, that act on the
vibrational component of the wave function.
3. Jmn = transfer integral in a perfectly ordered lattice with ∆Jmn representing
variations due to static disorder.
4. En = energy of a perfectly ordered lattice with ∆En representing variations due
to static disorder.
5. g2nl and f2nml = dimensionless coupling constants for the electron-phonon
coupling.
Although this one-electron Hamiltonian scheme does not consider electron-electron
correlation and Coulomb interactions, and only assumes a low carrier density. However, it
gives an overall picture of the various contributing terms to charge transport in a disordered
matrix, such as that of a polymeric OSC. The mechanism of charge transport is determined
by the magnitudes of the different contributions to the overall Hamiltonian given in Equation
2.44. For example, H1 depicts band-like charge transport and gives the simple criteria that
the band-like charge transport can occur when the carrier mobility, μ, is greater than ea2/2ℏ,
where e = elementary charge and a = inter-molecular distance. With a = 3-4 Å, this yields a
room-temperature mobility of > 1 cm2/Vs. Hence, high performing materials could
potentially exhibit band-like transport at room temperature.[33] On the other hand, H2 and H3
promote polaronic charge transport, and H4 favours static-disorder based charge transport.
Thus, these terms presented in Equation 2.47-2.49 (H2, H3 and H4) generally thought to
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dominate the charge transport in an amorphous and mixed-phase material, such as a solutionprocessed polymeric film. However, Venkateshvaran et al.[34] and Troisi et al.[35] showed that
this may not be the case for the high mobility polymers as there might be a maximal value of
charge carrier mobility compatible with the hopping mechanism.
2.4.3 Charge Transport Models
Now, due to the complex nature of charge transport in this class of material, a
unifying picture of charge transport physics is yet to be developed. As a result, the charge
transport physics of organic semiconductors is an ongoing topic of research.[36,

37]

Nevertheless, there are a number of models which have been proposed and popularised so far,
which show agreement with experiments in certain cases. In the light of explaining the charge
transport physics in OSCs with a focus on conjugated polymers, a number of models are
presented in the subsequent sections. According to the categorisation of Bässler and
Kӧhler,[32] the following structure is adopted by this thesis:
1. Band Theory based Models
i.

Nearly Free Electron Model

ii.

Multiple Trapping and Release (MRT) Model

2. Polaronic and Hopping based Models
iii.

Miller-Abrahams Hopping Model

iv.

Mott Variable Range Hopping (VRH) Model

v.

Vissenberg-Matters Variable Range Hopping (VRH) Model

3. Disorder Theory based Models
vi.

Bässler Gaussian Disorder Model (GDM)

2.4.3.1 Band Theory based Models
When the charge transport in a system is dominated by H1 of Equation 2.44, the
transport is referred to as band-like, where the charge carrier delocalizes to form a
propagating Bloch wave that is occasionally scattered by lattice vibrations.[38]
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The Band Theory is derived from the classical Drude theory of motion and FermiDirac statistics from quantum mechanics. According to this theory, semiconductors are
defined as a material class which has a well-defined band gap with discrete electronic states
forming a density of states (DoS), and which obey the following Fermi statistics where the
Fermi energy (EF) is generally found within the bandgap (see Figure 2.8 (c)):

𝑓 (𝐸, 𝐸𝐹 ) =

1
𝐸 − 𝐸𝐹
1 + exp (
)
𝑘𝐵 𝑇

(2.50)

2.4.3.1.1 (i) Nearly Free Electron Model
A number of models adopt the nearly free electron approximation, which assumes
that an electron is essentially free in the sense that it is only slightly perturbed by the weak
periodic potential deriving from the presence of atoms in the crystal lattice. In this case, at T=
0, the valence band (VB) is completely filled and the conduction band (CB) is empty. With
the additional electrons in the conduction band (thermally for an intrinsic semiconductor or,
through doping for an extrinsic semiconductor), electrons move in the delocalised states but
are scattered by lattice vibrations (phonons). Hence, their mobility, μ, decreases with
increasing temperature, T and follows the power law: μ ~ T-n, where n = 0-3 depending on the
scattering mechanism such as acoustic phonons, impurities or electron interactions.[32]
Band-Theory based transport models (Equation 2.50) are best described in the
context of inorganic semiconductors. The strong coupling between the atoms in an inorganic
semiconductor leads to a large bandwidth (for example, silicon has a bandwidth of ≈ 3 eV)
and small effective mass, meff. This gives rise to a high mobility; for example, the electron
mobility of single crystal silicon is μ ≈ 1500 cm2/Vs.[39] However, organic semiconducting
molecules interact via weak van der Waals forces and via π-π-interactions instead of atomic
bonds. Even in a perfect molecular crystal, such as 1D pentacene, the coupling between
molecules relies on that weak bonding, which ultimately leads to a very narrow bandwidth
(≈ 0.5 eV) and a large effective mass.[40] Thus, organic semiconductors have intrinsically
lower mobilities. Furthermore, the weak electronic coupling between conjugated molecules
(for example, a conjugated polymer) is easily disrupted by phonons and lattice disorder,
causing localised states instead of delocalised states throughout the entire system. As a result,
band-like models are often ruled out for OSCs. Nevertheless, the considerable theoretical
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effort has been devoted to establishing whether band transport does occur in these materials,
with an additional consideration that charge carriers potentially can exhibit coherent bandlike and incoherent hopping transport simultaneously in high mobility OSCs.[41-43]
2.4.3.1.2 (ii) Multiple Trapping and Release (MTR) Model
In order to explain the charge transport in hydrogenated amorphous silicon (a-Si: H),
another band-like charge transport model was proposed by Comber and Spear in 1970,
known as the Multiple Trapping and Release (MTR) Model.[44] Later, Horowitz et al. used
this MTR model to explain charge transport in the context of sexithiophene.[45]
According to this model, it is assumed that a narrow transport band exists that is
associated with an exponential distribution of trap sites. Trap sites are localised sites which
are associated with the impurities, kinks or lattice defects that immobilise charge transport in
the system. Depending on the energy levels of these trap sites, a trap can be shallow or deep.
When the trap is close to the CB or VB, it is said to be shallow, whereas it is said to be deep
when the trap is close to the centre of the bandgap. Here, a trapped charge (electron or hole)
can be thermally activated to reach the transport level and travel via band-like mechanism
before becoming trapped again. The mobility calculated by this MTR Model is also
temperature dependent with an Arrhenius-like dependence; however, the temperature
dependence is different to the band-like model. Here, the higher temperatures can improve
mobility by helping to de-trap the charges. The mobility is calculated as follows:
−𝐸𝑡𝑟𝑎𝑝
𝜇𝑀𝑇𝑅 = 𝜇𝑜 𝛼 exp (
)
𝑘𝐵 𝑇

(2.51)

Where, μo = mobility at the band-edge (VB or CB), α = ratio between the DoS at the transport
band-edge and the density of traps with energy, Etraps.
2.4.3.2 Polaronic Effects and Hopping based Models
When the charge transport in a system (Equation 2.44) is dominated by H2 and H3
over H1 but with the contribution of H4 remaining minimal, the transport is referred to the
polaronic-like, where the propagation of the charge carriers depends predominantly on the
electron-phonon coupling as depicted in Equations 2.47 and 2.48.
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According to the Polaronic Theory, charge transport occurs through the movement
of both charge and lattice distortion. To move a polaron to another site requires energy thus
the charge has become localised by its associated lattice distortion.[46-48] Due to this bound
nature of the polarons in organic semiconductors such as conjugated polymers, the charge
carriers (hole or electron polarons) spend most of the time trapped on a molecule and
occasionally obtain enough energy to hop to a nearby vacant site. This charge transport
mechanism is an example of a hopping mechanism, where the charge carrier mobilities are
orders of magnitude lower than that of band-like charge transport. To capture this hopping
mechanism such as displayed in polaronic systems, various models have been developed so
far, albeit with each model having its own restrictions. The following sections present some
popular hopping based models that have been applied to describe polaronic transport in
organic semiconductors.
2.4.3.2.1 (iii) Miller-Abrahams Hopping Model
In order to explain the temperature dependence of mobility for a lightly doped
inorganic semiconductor, Miller and Abrahams derived a hopping model in 1960.[49]
According to their model, for an energy difference (Eij) between two hopping sites i and j
situated at a distance, Rij, the hopping rate, νij is given as:
𝐸𝑖𝑗
𝜈𝑖𝑗 = 𝜈𝑜 exp (
) exp(−2𝛼𝑅𝑖𝑗 ) ; 𝑓𝑜𝑟 𝐸𝑖𝑗 > 0
𝑘𝐵 𝑇

(2.52)

𝜈𝑖𝑗 = exp(−2𝛼𝑅𝑖𝑗 ) ; 𝑓𝑜𝑟 𝐸𝑖𝑗 < 0

(2.53)

Where, α = inverse of the decay length, and νo = frequency of the wave function.
Here, the two exponential terms account for the temperature dependence and the
tunnelling probability, respectively. Hopping is restricted to between nearest neighbour sites,
and only becomes activated with thermal energy. Hence, the mobility through hopping is a
thermal phenomenon with νij ~ e1/T.
2.4.3.2.2 (iv) Mott Variable Range Hopping (VRH) Model
The Miller-Abrahams model presents a clear picture of charge hopping which
provides a basic understanding of temperature-dependent charge transport in a system
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characterised by localised states. However, the Miller-Abrahams model only accounts for
hopping between nearest neighbour sites. In order to capture hops over greater distances,
Mott extended the Miller-Abrahams model and proposed a new model in 1979.[50]
According to this model, charge carriers can hop with appropriate probability; over
long ranges with a low activation energy, and over short ranges with high activation energy.
The mobility then becomes:
1

𝜇𝑀𝑜𝑡𝑡

T0 n+1
∝ exp (− )
T

(2.54)

Where, n = dimensionality. For conjugated polymers, n can be modelled with n =1, 2 or 3.[51]
Note that the mobility has an exponential (negative) temperature-dependence with μMott ~ e-1/T
2.4.3.2.3 (v) Vissenberg-Matters Variable Range Hopping (VRH) Model
Following the models developed by Miller-Abrahams and Mott, Vissenberg and
Matters developed another model to capture the hopping mechanism in amorphous polymer
systems, known as the variable range (VRH) hopping model (1998).[52] This VRH model is
based on an exponential DoS, which calculates the field effect mobility as:

𝑇𝑜

𝜇𝑉𝑅𝐻

𝑇𝑜 4
𝜋𝑇𝑜 𝑇
(
)
sin
(
𝜎𝑜
𝑇 )] 𝑝(𝑇𝑇𝑜 −1)
= [ 𝑇
(2𝑎)3 𝐵𝑐
𝑒

(2.55)

Where, σo = conductivity pre-factor, a = wave function overlap parameter between localised
sites, Bc = critical value for the percolation on-set (~ 2.8), and p = carrier concentration. Here,
the mobility has a power law dependence on temperature with μVRH ~ (1/T) 5.
2.4.3.3 Disordered Theory based Models
As discussed in the previous sections, the inter-site coupling is relatively weak in a
conjugated polymer system, whereas the electron-phonon interactions are relatively large, see
Equation 2.47 and 2.48. Taken these into consideration, when H4 dominates over all other
contributions to the Hamiltonian (Equation 2.44), charge transport in the system is governed
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by both the diagonal and off-diagonal static disorder (Equation 2.49). Here, the diagonal and
off-diagonal terms are inherited from the matrix elements of the Hamiltonian presented in
Equation 2.44: the diagonal elements give the energy of each individual site, while the offdiagonal elements contain the coupling terms between neighbouring sites. In this case, the
carriers follow a random walk strategy by incoherent hopping between molecular sites.[32]
Based on these postulates, a number of charge transport models were developed which are
commonly categorised as the Disordered Theory based Models.[33, 53, 54] For example, the
1977 Nobel Prize in Physics[55] recognised the importance of explaining charge transport in a
disordered system, which was awarded to Anderson[56] and Mott[50] for their contributions to
understanding the electronic structure of disordered systems, and to Vleck[57] for the
electronic structure of magnetic systems.
2.4.3.3.1 (vi) Bässler Gaussian Disorder Model (GDM)
One of the most widely-recognised Disordered-based Models is the Bässler
Gaussian Disorder Model (GDM),[53,

58]

which has successfully described charge carrier

mobility not only in organic glasses and molecularly doped polymers but also in the
benchmark semiconducting polymer, poly(hexylthiophene), P3HT. This model is also based
on the Miller-Abrahams hopping mechanism, see Equation 2.52 and 2.53. However, unlike
the Mott and Vissenberg-Matters VRH models, where the DoS is considered identical at every
point, this GDM model takes the DoS, energy and inter-site spacing to be distributed in a
Gaussian fashion.[59-61] According to this GDM model, the DoS is given by:

𝑔 (𝐸) =

𝑁𝑡
2
(√2𝜋𝜎𝐷𝑜𝑆
)

∗ exp (−

𝜀2
2 )
2𝜎𝐷𝑜𝑆

(2.56)

Where, σDoS = Gaussian width of the DoS, i.e. energetic disorder, ε = energy, measured
relative to the centre of the DoS, and Nt = concentration of the localised sites. For most
OSCs, typical values of σDoS are found to be 0.05 – 0.15 eV,[62] and for Nt to be 1020 – 1021
cm-3.[54]
According to this model, implemented via Monte-Carlo simulations, a PooleFrenkel mobility term ( exp (F½)) is arrived instead of an Arrhenius-type temperature
dependent mobility; given as:
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2
2𝜎𝐷𝑜𝑆 2
𝜎
) ] ∗ exp [𝐶 (( 𝐷𝑜𝑆 ) − 𝛴 2 ) √𝐹] ; 𝑓𝑜𝑟 𝛴 ≥ 1.5
3𝑘𝐵 𝑇
𝑘𝐵 𝑇

(2.57)

2
2𝜎𝐷𝑜𝑆 2
𝜎
) ] ∗ exp [𝐶 (( 𝐷𝑜𝑆 ) − 2.5) √𝐹] ; 𝑓𝑜𝑟 𝛴 < 1.5
3𝑘𝐵 𝑇
𝑘𝐵 𝑇

(2.58)

𝜇 = 𝜇𝑜 exp [− (

𝜇 = 𝜇𝑜 exp [− (

Where, μo = mobility pre-factor, with μ  μo when T  ∞, C = constant depending on the
site-spacings, and Σ = measure of the potential disorder.
Equation 2.57 and 2.58 only explain the electric field dependence mobility in the
relatively high electric field; however, when the spatial correlations are introduced, the
mobility is given by:

3⁄
2

3𝜎𝐷𝑜𝑆 2
𝜎𝐷𝑜𝑆
𝜇 = 𝜇𝑜 exp [− (
) ] ∗ exp [𝐶𝑜 ((
)
5𝑘𝐵 𝑇
𝑘𝐵 𝑇

𝑞𝑎𝐹
− 𝛤) √
]
𝜎𝐷𝑜𝑆

(2.59)

where, Co = 0.78, a = average inter-site spacings, Γ = 2 in organic materials.[63, 64]
Equation 2.59 provides a better agreement for the temperature-dependence of the
field-effect mobility. For example, Mozer et al.[65] investigated the Poole–Frenkel-like
electric field dependence of the charge carrier mobility in conjugation with poly(3hexylthiophene), P3HT, and showed that the mobility generally decreases with decreasing
temperature above ~ 270 K, exhibiting a negative field dependence; while a Poole-Frenkellike field dependence is exhibited below 200 K. Such a negative field dependence of mobility
is easily explained by the Bässler model in terms of spatial disorder.
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2.5 Carbon and Carbon based Organic Semiconductors (OSCs)
This section introduces various types of organic semiconductors (OSCs) with a
focus on the high-performing donor-acceptor type polymer, P(NDI2OD-T2).
2.5.1 OSCs: p-type, n-type or ambipolar?
Synthesising OSCs and investigating their structure-property relationships in organic
electronic devices is an area of active research. With hundreds of new OSCs being developed
over the last 40 years, it is almost impossible to catalogue all the OSCs developed and studied
so far.[66, 67] However, depending on the dominant charge carrier in a system, both small
molecule and polymeric OSCs are broadly categorised into two types: (1) electron
transporting or n-type and (2) hole transporting or p-type. This terminology of n- and p-type
OSCs (also termed as n-channel and p-channel, respectively) is inherited from the inorganic
semiconductor context, where n- and p-type exclusively refers to the external doping of the
system to produce either excess negatively or positively charged carriers; respectively. In an
organic electronics context, however, a material is judged as n- or p-type depending mainly
on the energy of its HOMO and LUMO, and how easy it is to inject electrons for n-channel
operation or holes for p-channel operation. Although doping of organic semiconductors is
possible, it is substantially more challenging than for that of inorganic semiconductors, and
arguably is not a widely used strategy. Nevertheless, since the majority carrier and
semiconducting behaviour of an OSC are labelled by this terminology, it is common in the
literature to refer the electron transporting OSCs as n-type and hole transporting OSCs as ptype materials.
2.5.1.1 p-type OSCs
The development of p-type OSCs dates back to the 1980s[68, 69] when the first OFET
was demonstrated.[70] Examples of well-known p-type small molecular OSCs are pentacene
and rubrene, with single crystal hole mobilities of up to 40 cm2/Vs has been reported.[71]
The classic example of a p-type polymeric OSC is regio-regular P3HT, which
exhibits a hole mobility of ~ 0.1 cm2/Vs.[72,

73]

Subsequently, incorporating substituted

thiophene (T) and dithienothiophene (TT) units into the main chain resulted in improved
thiophene-based, a hole transporting polymeric OSCs possessing better device performance
and air stability relative to P3HT. Examples of such polymers include poly(dialkyl-quarterthiophenes), PQT, and poly(alkyl-thiophen-2-yl-thienothiophene), PBTTT.[74-76]
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In search of the following characteristics, a synthetic strategy was devised where copolymers with alternating electron poor and electron rich units were combined to form socalled donor-acceptor conjugated polymers (D-A co polymers):[77]
1. Lower bandgap,
2. More planar arrangement of the conjugated backbone,
3. Closer π-stacking distances,
4. Controlled regio-chemistry,
5. Flexibility of side chain engineering, and
6. Improved solubility.
Examples of high performing p-type D-A co-polymers include the cyclopentadithiophene (CDT)

and

benzothiadiazole (BTZ)

based

co-polymer

CDT-BTZ,[78]

diketopyrrolopyrrole (DPP) based co-polymers,[79-81] the dithienyl-benzodithiophene (DTBDT) and fluoro-benzo-thiadiazole (FBT) based co-polymer BFS4,[82] and the pyridalthiadiazole-based co-polymer, PCDTPT.[83, 84]
2.5.1.2 n-type OSCs
Due to their increased susceptibility towards ambient conditions, n-type OSCs are
generally unstable in the presence of oxygen and moisture in the ambient.[85] As a result, the
development of n-type OSCs has been slower than that of p-type OSCs,[86, 87] although there
is no intrinsic reason for having difficulty in transporting electrons rather than holes in an
organic system.[88] Examples of well-known n-type small molecule OSCs include rylene
based molecules such as those based on naphthalene diimide (NDI) and perylene diimide
(PDI).[89-92]
The earliest examples of an n-type polymeric OSCs employed in OFETs are
poly(benzobisimidazobenzo-phenanthroline), BBL, and poly(dihydro-dioxobisbenzimidazobenzo-phenanthroline-diyl), BBB.[93,

94]

With its stability and robustness in air shown by

maintaining an electron mobility close to that of P3HT (~ 0.1 cm2/Vs) for 4 years,[95] these
ladder-type and semi-ladder-type polymers were among the few n-type OSCs which were
employed in OFETs successfully. Other n-type polymers that were also employed in OFETs
in the late 1990s and early 2000s include poly(dioctylfluorene-alt-benzothiadiazole), F8BT
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and cyano-poly(phenylene vinylene), CN-PPV.[96] However, a breakthrough in the
development of n-type polymers was reported in 2007 by Zhan et al.[97] with the synthesis of
a D-A co-polymer, showing excellent electron transporting characteristics. In this manuscript,
the authors reported the synthesis of a D-A co-polymer based on PDI and thiophene units.
Subsequently, D-A co-polymers based on both PDI and NDI subunits were synthesised,
resulting in the two high-performing polymers P(PDI2OD-T2) and P(NDI2OD-T2).[98, 99]
2.5.1.3 Ambipolar OSCs
Motivated by the simple, one-step fabrication of complementary integrated organic
electronic circuits, significant research has also been devoted over the past decades to
developing OSCs that exhibit excellent simultaneous electron and hole transporting
properties.[100-103] This class of OSCs are commonly known as ambipolar OSCs. Examples of
ambipolar small molecules are hetero-pentacene derivatives.[104,

105]

However, the

development of ambipolar polymeric OSCs over the last five years has overshadowed that of
ambipolar small molecules. For example, isoindigo based[106] and DPP-based[107, 108] D-A copolymers have shown balanced electron and hole mobilities of over 1 cm2/Vs. Recently, a
series of DPP-thiophene-selenophene based ambipolar polymeric OSC were reported by Lee
et al.,[100] where hole/electron mobilities of 6.16/3.07, 8.84/4.34, and 3.97/2.20 cm2/Vs were
achieved through the engineering of the side chains.
2.5.1.4 P(NDI2OD-T2): A Classic Example of a Modern Polymeric OSC
Naphthalene diimide (NDI) is the smallest homologue of rylene diimides (RDIs),
which possess high electron affinity, good charge carrier mobility, and excellent thermal and
oxidative stability.[109] Hence, NDI derivatives are promising candidates for organic
electronics applications, photovoltaic devices, and flexible displays.[110] Due to these
properties, the potential of integrating small molecule NDI derivatives to form an n-channel
OFET was investigated in the mid-1990s by Laquindanum et al.[111] However, it took more
than 15 years to incorporate NDIs into the main chain of a conjugated polymer.[98, 99] In the
year 2008, Chen et al. reported the successful synthesis of the NDI-based and PDI-based
conjugated polymers P(NDI2OD-T2) and P(PDI2OD-T2), with electron mobilities of up to
0.04 cm2/Vs were achieved using a BGBC OFET structure.[98] In the following year, a
detailed study of the NDI derivative was reported by Yan et al.,[99] where they reported the
compatibility of P(NDI2OD-T2) with a range of printing technologies such as gravure-,
flexo-, and inkjet-printing and they achieved an OFET mobility as high as 0.85 cm2/Vs.
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The development of P(NDI2OD-T2) represents a milestone in the development of
high-performance electron conducting (i.e. n-channel) polymeric OFETs.[99, 112] With its high
n-channel mobility and solution processing compatibility, P(NDI2OD-T2) is a classic
example of a modern high-performing polymer, showing a mobility of over 5 cm2/Vs in topgate OFETs realised through polymer chain alignment.[113] It is no surprise that P(NDI2ODT2) has become arguably the most investigated polymer in recent years (Figure 2.10), making
it a benchmark for organic electronic research. Since the initial development of P(NDI2ODT2), extensive research has focused on understanding charge transport phenomena in this
NDI/thiophene-based OSCs in connection with thin-film microstructure,[114-117] molecular
weight,[118-120] tuning of donor and/or acceptor units,[117, 121, 122] side-chain engineering,[123, 124]
chain aggregation behaviour in solution,[125,

126]

processing parameters,[127] annealing

conditions,[128, 129] high/low-k dielectrics,[130] ambipolarity,[131, 132] contact resistance[133] as
well as environmental stability.[134]

2.6 OFET Charge Transport and P(NDI2OD-T2) Film Microstructure
This thesis presents research on high mobility donor-acceptor conjugated polymers
with a focus on understanding the relationship between the polymeric thin film
microstructure and OFET performance. As discussed in the previous section, P(NDI2OD-T2)
is a classic example of a modern high-performing donor-acceptor type conjugated polymer.
Many researchers have investigated this polymer since its introduction in 2008-09.[98, 99] This
is reflected in Figure 2.10 which shows a Scopus® database search result on the polymer
P(NDI2OD-T2). A dramatic increase in the number of documents per year has been
witnessed, going from 2 in 2008 to 136 in 2016, with the total number of documents over 8
years totalling ~ 500.
The following sections present a detailed literature survey on the polymer
P(NDI2OD-T2) and related naphthalene diimide (NDI)-based polymers, with a focus on the
structure-function relationships, i.e., the relationship between the film microstructure and
OFET performance.
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Figure 2.10: Scopus® database search result for all documents in the Scopus® database with
the keywords ‘naphthalene diimide bithiophene’ OR ‘P(NDI2OD-T2)’, as on 23 January
2017.
2.6.1 Thin Film Crystallinity and Molecular Orientation
Conjugated polymers consist of a relatively rigid backbone with side chains attached
for solubility, and are able to crystallise. For example, Figure 2.11 (a) shows the chemical
structure of P(NDI2OD-T2), whose backbone consists of planar NDI and thiophene (T2)
units with 2-octyldodecyl side chains attached at both ends of the NDI unit for solubility.
Now, in the context of a disordered system, such as solution-processed thin films of
P(NDI2OD-T2), charge transport takes place mainly via hopping as discussed in Section 2.4.
Figure 2.11 (b) shows a schematic of the crystallites of P(NDI2OD-T2) chains, typical for
semicrystalline conjugated polymers. Here, the planar backbones of neighbouring chains are
packed co-facially and layers of alkyl side-chains are separated with layers of -stacked
backbones. Charge transport in such crystallites is anisotropic, with the best mobility is
achieved via intra-chain carrier transport along polymer backbones, shown as the
‘conjugation direction’ in Figure 2.11 (b). This is followed by the inter-chain transport along
the ‘π-π stacking direction’ due to the partial overlap of π-orbitals. However, along with the
third direction, i.e., the direction of the insulating alkyl chains, shown as ‘alkylated side-chain
direction’ in Figure 2.11 (b), carrier mobility is the lowest.[135-137] Such anisotropy in charge
transport can critically affect the operation of an OFET. As discussed in Section 2.2, charge
transport in an OFET is governed by the accumulation of charges at the polymer/dielectric
interface, see Figure 2.11 (c) and 2.4. Hence, the molecular orientation and crystallinity of the
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polymeric chains at the first few nm of the polymer/dielectric interface critically influence
OFET operation.[138] As shown in Figure 2.11 (d), with the polymer crystallites oriented such
that both the backbones and side chains are perpendicular to the plane of the substrate, the
orientation is said to be edge-on. On the other hand, the crystallites are said to be face-on
oriented when the backbones and side chains are parallel to the substrate plane. With an edgeon orientation of polymer chains, charges can travel laterally via on chain and inter-chain
transport (i.e. along the backbone and -stacking directions). In contrast, the face-on
orientation layer of insulating side-chains may negatively affect charge transport by
presenting barriers to charges. Thus the edge-on packing of conjugated polymer chains at the
crucial polymer/dielectric interface is thought to be beneficial to OFET performance.

Figure 2.11: (a) chemical structure of the polymer, P(NDI2OD-T2); (b) schematic
representation of the charge carrier directions in the co facially-stacked polymer crystallites;
(c) side- view of a TGBC OFET, showing the crucial few nm charge accumulation layer at
the polymer/dielectric interface, and (d) edge-on and face-on orientations of polymer
crystallites with respect to the substrate (side-chains are not shown for clarity).
After the report of high OFET electron mobilities for P(NDI2OD-T2) by Yan et al.
in 2008,[99] a number of reports were published in the next few years where the various
aspects of P(NDI2OD-T2) were investigated, such as temperature-dependent time of flight
(ToF) mobility,[139,

140]

electron-hole transport asymmetry,[141] charge injection efficiency

from high work function metals,[142] its compatibility with the high speed complementary
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circuits[143] as well as its environmental stability.[134,

144]

However, questions remained

unanswered about the mechanism of charge transport in this high performing donor-acceptor
polymer, and in particular the relationship between charge transport and film microstructure.
To this end, Rivnay et al.[129] first studied the microstructure of P(NDI2OD-T2) film by
Grazing-Incidence Wide-Angle Scattering (GIWAXS) and reported an unconventional faceon texture and a high in-plane order of crystallites (see Figure 2.12). Up to four orders of
lamellar stacking reflections and up to three orders of backbone stacking peaks in the in-plane
direction were observed in the GIWAXS images of Rivnay et al.(Figure 2.12, left), with the
authors proposing a 3D charge transport mechanism through this seemingly disadvantageous
face-on microstructure, as shown in the schematics of Figure 2.12 (right). Due to the reported
π-stacking separation of 3.93 Å, the electrostatics of the transistor would allow charges to
populate at least 2-3 layers from the semiconductor/dielectric interface. It was proposed that
charges could avoid barriers (such as chain-ends and kinks) and grain boundaries by hopping
in the out-of-plane direction within interfacial monolayers (see Figure 2.12 (b)). This was
thought to provide a way for the charges to transport through 10-30 nm grains with the help
of the extensive intergrain connectivity maintained by long polymer chains. In an another
study, Rivnay et al.[128] showed that when the P(NDI2OD-T2) film is slowly cooled from
above its melting temperature (> 300 °C) to room temperature, it recrystallises to form a
predominantly edge-on orientation. More specifically, it was found that while ~ 77 % of
crystallites in spin-coated films were face-on, ~ 95 % of crystallites were edge-on in samples
melt-annealed and then slowly cooled. Furthermore, a 2-fold increase in crystallinity and
40 % decrease in intra-crystallite cumulative disorder was reported for samples slowly cooled
from above the melt. Interestingly, while the diode current (out-of-plane) was decreased by ~
6 times upon this temperature treatment (consistent with the chains now adopting a less
favourable configuration for vertical transport), the bottom gate OFET mobility remained
unchanged. The authors suggested that at the bottom interface, the morphological changes
were either not present, or they were different to that of the bulk. Hence, the question of high
charge transport in P(NDI2OD-T2) films still remained unanswered.
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Figure 2.12: (left) 2D GIWAXS image of P(NDI2OD-T2) probed by Rivnay et al. (right)
Schematic of face-on molecular packing of P(NDI2OD-T2), indicating the repeat directions
with the proposed microstructural arrangement of the crystallites on the substrate which
illustrates a slight disorder in the π -stacking and lamellar stacking directions. Figures
reproduced from ref. 129.
In order to understand the origin of the high mobility of P(NDI2OD-T2), Caironi et
al.[145] employed variable-temperature electrical measurements and charge modulation
microscopy (CMM), and reported super-linear OFET output characteristics even at the very
low-temperature regime (< 10 K). Such characteristics are unusual for polymeric OSCs, with
this observation attributed to either Luttinger-liquid physics or to an electric-field-induced detrapping of shallow-trapped electrons.[146] The authors concluded that the high mobility of
P(NDI2OD-T2) likely originates from the polymer’s very low degree of energetic disorder
combined with low contact resistance.
Although, these studies provided all new insights regarding film microstructure and
helped to explain the origin of charge transport in P(NDI2OD-T2) films, further study was
clearly necessary to understand the molecular packing at the top polymer/air interface and at
the bottom substrate/polymer interface, crucial for the operation of top gate and bottom gate
OFETs, respectively. For example, Oosterbaan et al.[138] established a direct correlation
between the molecular orientation and OFET performance at both the substrate/polymer and
polymer/air interfaces for the benchmark polymer, P3HT. To this end, Schuettfort et al.[147]
studied the P(NDI2OD-T2) films with a combination of GIWAXS experiment and NEXAFS
spectroscopy, with the latter especially sensitive to the molecular orientation at interfaces. In
this study, the authors observed no preferred in-plane/out-of-plane orientation of conjugated
backbone of P(NDI2OD-T2) or side chain at the film surface; however, they observed an
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extended in-plane alkyl stacking and out-of-plane π-π stacking from GIWAXS
measurements. Taken together, it was suggested that a significant amorphous fraction might
exist at the top interface of the films. Furthermore, the authors employed computational
calculations (density functional theory, DFT) which showed two polymorphs of P(NDI2ODT2) similar to those reported by Rivnay et al.[129] and Brinkmann

[148]

et al. Also, a dihedral

angle of ~ 46 - 47° between the NDI and thiophene units were calculated by Schuettfort et al.
which was later verified by the means of infrared transition moment orientational analysis
(TMOA).[149,

150]

The authors also employed a top gate OFET study which showed that

annealing > 110° C was not beneficial to charge transport even though higher temperature
samples showed significantly larger semicrystalline domains. To further understand the
correlation between the molecular orientation of P(NDI2OD-T2) and the high in-plane OFET
mobility as well as the high out-of-plane ToF mobility, Schuettfort et al.[151] reported another
study where they investigated the same P(NDI2OD-T2) films with transmission geometry
NEXAFS experiment. With this, the authors were able to directly compare bulk-sensitive
GIWAXS measurements with surface-sensitive and bulk-sensitive NEXAFS spectroscopy
measurements. Here, they reported a distinct edge-on molecular orientation of the backbones
at the top polymer/air interface of spin-coated films with an average tilt angle of ~ 36° from
the surface normal (i.e., ~ 54° with respect to the surface plane, see Figure 2.11 (d)), whereas
the bulk of the films consisted of face-on crystallites (average tilt angle of ~ 50°). This
observation was in agreement with the result of scanning X-ray transmission microscopy
(STXM) mapping of P(NDI2OD-T2) films reported by Sciascia et al.[152] While a distinctedge-on layer at the top surface of films could explain the high mobility of top-gate
transistors, a detailed understanding of the correlation between molecular orientation and
OFET performance in P(NDI2OD-T2) films was yet to be established.
2.6.2 Solvent Quality and Chain Aggregation
In order to understand the remarkable charge transport properties of P(NDI2OD-T2)
and its unconventional film microstructure, a number of studies have looked into the
aggregation behaviour of P(NDI2OD-T2) in solution.[116, 122, 126, 153-156] Schubert et al.[153] first
studied the influence of the aggregation of P(NDI2OD-T2) chains on the performance of allpolymer solar cells based on blends of P3HT with P(NDI2OD-T2). Following the wellestablished approach of studying aggregation in solvents with UV-Vis absorption
spectroscopy,[157] the authors investigated P(NDI2OD-T2) chains in a number of solvents
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including toluene, p-xylene, chlorobenzene, dichlorobenzene, trichlorobenzene, chloroform
and chloronaphthalene. Compared to the absorption of chains in chloronaphthalene, Schubert
et al. reported the appearance of a new absorption band centred at 710 nm for chains in
toluene, with a pronounced shoulder also appearing at 800 nm (see Figure 2.13 (a)). The
authors concluded that a high proportion of the P(NDI2OD-T2) polymer chains preaggregated in toluene solution. However, a detailed analysis of the aggregation process was
not reported in this study. To this end, Steyrleuthner et al.[116] studied the P(NDI2OD-T2)
aggregation in conjugation with the same set of solvents by the means of UV-Vis
spectroscopy, photoluminescence measurements, DFT calculations and Nuclear Magnetic
Resonance (NMR) experiments. The authors observed the same observed peaks as seen in the
previous UV-Vis study, but they distinguished the peaks between two types of aggregates.
Intermediate aggregates (designated as “type I aggregates”) were observed to form in
solvents of intermediate quality (between good and poor), with such aggregation
characterised by chains having a relatively extended conformation with self-aggregation
limited to stacking of dimers. Less extended aggregates (designated as “type II aggregates”)
were observed to form in poor solvents such as toluene, characterised by the close packing of
multiple and aggregated chains. Furthermore, they employed a UV-Vis spectroscopy
experiment where chloronaphthalene (a good solvent) was mixed with toluene (poor solvent),
with the mixture ratio varied between 0 % to 100 %; the authors concluded that the
aggregation of P(NDI2OD-T2) polymer chains was a two-step process, and noted that
“aggregation of P(NDI2OD-T2) occurs via an intermediate state (aggregate I), and that this
intermediate is fully replaced by a second species (aggregate II) with lower absorption and
emission energies when going to pure toluene.”[116] Although these studies provided new
insights regarding chain aggregation in different solvents, they did not present any device
measurements. Thus any correlation between solvent quality and solid state device
performance was yet to be explored. Although, in another study, Steyrleuthner et al.[154]
reported space charge limited current (SCLC) measurements to assess the role of
regioregularity of P(NDI2OD-T2), they presented the results from only two solvents:
chlorobenzene (CB) and a mixture of chloronaphthalene: xylene (CN: Xyl), shown in Figure
2.13 (b). They compared the effects of regioregularity on thin film crystallinity and chain
orientation and concluded that the SCLC electron mobility was increased in regio-regular
samples with annealing, whereas the mobility remains unchanged in regio-irregular samples.
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Figure 2.13: (a)UV-Vis absorption spectra of P(NDI2OD-T2) in various solvents normalised
at 550 nm and (b) SCLC mobility vs. regioregular and regioregular P(NDI2OD-T2) films cast
and annealed from chlorobenzene and a chlorobenzene: xylene (1:1 vol%) mixture. Figures
are adopted and reproduced from ref. 153 and ref. 154, respectively.
2.6.3 Long-Range Orientational Correlation
Takacs et al.[115] first reported the remarkable long-range order of P(NDI2OD-T2) in
solid state thin films by using a combination of high-resolution transmission electron
microscopy (HR-TEM) and scanning transmission electron microscopy (S-TEM). They
imaged ~ 20 nm thick films spin-coated from dichlorobenzene and found that the polymer
backbones retained long-range correlations over length-scales approaching a micrometre,
whereas the correlated packing of lamella extended only ~ 10 nm in the ordered and
disordered states. Moreover, the authors observed highly interconnected nanostructures over
nearly the entire film, providing interconnectivity for charge transport. In support of this
observation, Luzio et al.[126] showed that in comparison to dichlorobenzene, P(NDI2OD-T2)
thin films possess even longer range orientationally correlated liquid crystalline order when
poor solvents such as toluene and mesitylene were adopted, attributed to the high amount of
pre-aggregation in poor solvents. The authors compared this long range orientational order by
the means of Charge Modulation Spectroscopy (CMS), polarised optical microscopy and Fast
Fourier Transformed Autocorrelation (FFT-AC) analysis of AFM images of thin films
prepared from toluene, mesitylene, dichlorobenzene and a mixture of chloronaphthalene with
chloroform (in a 80:20 vol%). The authors reported that this liquid-crystalline microstructure
of orientationally correlated fibrils is preserved over several microns in toluene cast films,
whereas in dichlorobenzene-cast films, shorter, more branched and entangled fibrils of 10 20 nm were observed where the correlation is lost within several hundreds of nanometres.
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Because of this long-range interconnectivity, toluene-cast films exhibited TGBC OFET
mobilities of > 1 cm2/Vs. Furthermore, Wang et al.[158] employed extensive AFM analysis on
the samples made from a mixture of 0 % to 100 % P(NDI2OD-T2) with polystyrene, and
experimentally verified that charge transport occurs mainly along the polymer backbones of
P(NDI2OD-T2) even in dichlorobenzene-cast films. The authors concluded that the extended
crystallinity was not necessarily a limiting factor for efficient mobility where the
interconnectivity of conjugated chains maintains long-range orientational correlation.
Similarly, Innocenzo et al.[159,

160]

reported 2D charge transport in a single layer thick

P(NDI2OD-T2) film, and concluded that charge transport occurs via the hopping of highly
localised, interchain polarons facilitated by a highly interconnected, long range
orientationally ordered microstructure.[115, 126]
2.6.4 Effects of Molecular Weight (MW) in P(NDI2OD-T2) Films
Effects of molecular weight (MW) have been extensively investigated for a number
of polymer systems. For example, Kline et al.[161] employed the BGBC OFETs in conjugation
with three MW series of P3HT (Mn = ~ 3 kDa to ~ 40 kDa) synthesised through three
different routes (Figure 2.14 (a)), and reported as high as ~ 4-fold increase in mobility with
increasing MW. To this end, Noreiga et al.[162] accumulated results from a number of studies
(including their own) regarding as many as 6 polymers processed with > 15 different
treatments, and plotted the reported mobility with respect to the degree of polymerization
(Figure 2.14 (b)). In order to propose a general relationship between disorder, chain
aggregation and charge transport, the authors concluded that there exists a ‘general trend’ of
increasing mobility with increasing MW, where the charge transport in high-MW polymers is
limited by trapping caused by lattice disorder. Interestingly, while the authors reported
mobility values for P(NDI2OD-T2), only values of Mn > ~ 50 kDa were reported, with little
details on molecular weight distribution. Other than this study, there have been very few
studies devoted to systematically studying the effect of molecular weight (MW) of
P(NDI2OD-T2), and especially, the relationship between MW and OFET mobility. This is
largely because of the difficulties involved in synthesising controlled MW batches in highyield. For example, the synthesis protocol for P(NDI2OD-T2) first reported by Chen et al.[98]
was via a Pd-catalysed Stille polymerization,[163] where the weight average molecular weight,
MW was ~ 250 kDa and number average molecular weight, Mn was ~ 50 kDa, giving a
dispersity index, Ð of ~ 5. Following the same protocol, Yan et al.[99] reported several
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batches of P(NDI2OD-T2) with molecular weights of Mw ~ 223, 265, 280, 376 and 1061 kDa
with Ð varying between 2.9 and 5.5. Several other studies reported the synthesis of several
series of NDI-based polymers copolymerized with different units such as thienyl units,[122] or
a series of thiophene units.[121, 164] However, controlled molar masses in the range of < 50
kDa remain unreported until recently, where Matsidik et al.[156] employed a different route,
namely the direct arylation polycondensation (DAP) route, that afforded an unprecedented
control of molar mass as low as Mn = 10 kDa.
The effects of MW of P(NDI2OD-T2) on OFET performance and the film
microstructure, however, have still largely remained unexplored. To the author’s knowledge,
the only other study investigating MW effects in P(NDI2OD-T2) OFETs is the paper of
Karpov et al.[118] who studied three molecular weight batches (23 kDa, 72 kDa, and 250
kDa), and reported that the lowest MW batch had a higher OFET mobility than the high MW
batch. However, the authors did not specify if these are number average or weight average
values. They attributed the higher mobility of the low MW batch to the high crystallinity of
the lowest MW sample. Such an explanation, however, does not appear satisfactory in and of
itself since low MW batches of P3HT are known to have low OFET mobilities despite their
high crystallinity.[161]

Figure 2.14: (a) BGBC OFET mobility vs. MW (Mn = 3 kDa to 40 kDa) of P3HT,
synthesised from three different routes; and (b) accumulated results of transistor mobility vs.
degree of polymerization of as many as 6 polymers processed via ~ 15 different treatments,
showing a ‘general trend’ of increasing mobility with increasing MW. Note that P(NDI2ODT2) is reported as P(NDI-T2) in Figure (b) with the symbol: ‘ө’, where all the mobilities are
close to 1 cm2/Vs for the degree of polymerization > ~ 50, equivalent to at least Mn = 50 kDa.
Figures are adopted and reproduced from ref. 161 and 162.
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2.6.5 Chain segregation in P(NDI2OD-T2) Films
Due to the complexity involved in synthesising controlled MW batches of polymeric
OSCs in high-yield, semiconducting polymers are, in general, polydisperse with Ð > > 1, see
Equation 2.10 and Section 2.3.1. The key issue for the development and exploitation of the
structure-function relationship in polymeric OSC-based materials such as P(NDI2OD-T2) is
the ability to control and understand interfacial processes in solution-processed OSC
films.[165] To this end, Schuettfort et al.[151] discovered that a very thin (< 5 nm) edge-on
oriented segregated layer exists at the top interface of thin films (~ 40 – 60 nm thick) of the
polymer P(NDI2OD-T2) that otherwise exhibit a face-on orientation throughout the rest of
the film. Similar to this finding, Zerson et al. [166] observed a 1.2 nm thick layer of alkyl side
chains covering the film surface with chain backbone and the π-stacking direction oriented in
the film plane. As discussed in Section 2.7.1 and 2.7.3, the presence of this edge-on layer is
equally important to the long range OCLs, enabling efficient charge transport in TGBC
OFETs. The face-on bulk packing of P(NDI2OD-T2) is unconventional,[129] and has been
related to the observation that P(NDI2OD-T2) polymer chains self-aggregate in solution,[116]
with these pre-aggregated chains then depositing face-on rather than the more common edgeon orientation observed for most other conjugated polymers.

2.7 Literature Survey on BFS4 and PCDTPT
This section presents two short literature surveys on BFS4 and PCDTPT which are
studied in Chapter 7 along with the studies on P(NDI2OD-T2).

Figure 2.15: (left) Chemical structure of BFS4 comprising of dithienyl-benzodithiophene
(DT-BDT) and fluoro-benzo-thiadiazole (FBT) units. Arrows show the dihedral angles
between the backbone and the pendant side chain units comprising of R1 and R2 alkyl sidechains shown in the inset. (right) Chemical structure of PCDTPT comprising of cyclopentadithiophen (CDT) and thiadiazolo-pyridine (PT) units.
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2.7.1 BFS4
The synthesis of BFS4 was first reported by Qin et al.[82] with this D-A co-polymer
comprised of two different donor units (D1 and D2) based on a dithienyl-benzo [1,2-b′:4,5-b′]
dithiophene (DT-BDT) and the acceptor unit 5-fluoro-2,1,3-benzothiadiazole (FBT) unit, see
Figure 2.15 (left). The two donor units are distinguished by their side chains, with the D1
donor unit having alkylated R1 and R2 units attached to the pendant thiophene, while the D2
unit only has a single R1 unit attached. This design of A-D1-A-D2 was employed to provide
the following:
1. Greater flexibility in tuning the frontier molecular orbitals and band gap,
2. Improving open-circuit voltage and short-circuit current in an organic solar
cell,
3. Polymer regiochemistry and solubility, and
4. Inter-molecular π-stacking interactions to enhance charge-carrier mobility.
As a result, BFS4 has been successfully employed in highly efficient solar cells used as a
donor in conjugation with either a fullerene acceptor,[82] or polymeric acceptor.[167]
While BFS4 was developed primarily for organic solar cells applications, as a D-A
co-polymer it shares many features in common with P(NDI2OD-T2). In particular, it is
comprised of multiple chemically distinct aromatic planar moieties featuring nitrogen (N),
fluorine (F) and sulphur (S) atoms and large torsional angles between these sub-units. Such
torsional angles are expected to strongly influence the optoelectronic properties due to the
impact on the electronic coupling along the backbone as well as the π-stacking of polymer
chains.[36, 155, 168, 169] Interestingly, BFS4 is comprised of a chemical structure where both
donor units have pendant side chains attached to the thiophene units. Qin et al.[82] employed
DFT calculations on BFS4, and reported a very small dihedral angle between the FBT and
DT-BDT units (5 – 8), suggesting the polymer should adopt a rather planar backbone.
Interestingly, however, these calculations found that a large dihedral angle of ~ 55 should
exist between the pendant thiophene rings on the DT-BDT unit and the dithienyl-benzo core.
This is shown by the blue arrows in Figure 2.15 (left).
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2.7.2 PCDTPT
Figure 2.15 (right) shows the chemical structure of another D-A co-polymer:
PCDTPT, consisting of cyclopenta-dithiophene (CDT)[78] and thiadiazole-pyridine (PT) units.
The synthesis of PCDTPT was reported by Ying et al.[83] in 2011 and a surprisingly high hole
mobility of 6.7 cm2/Vs was reported in the next year by Tseng et al.[170]. In this latter study,
the authors used a nanoscale grooved substrate and investigated the charge transport
anisotropy in annealed films. They reported that annealing at 200 C resulted in the highest
charge transport anisotropy with a 6:1 mobility ratio when comparing the parallel to
perpendicular grooving directions. Patel et al.[171] investigated the molecular orientation of
PCDTPT blade coated films on a nano-grooved substrate using NEXAFS spectroscopy, and
reported that the molecular orientation at the polymer/air interface is edge-on. Moreover,
Perez et al.[84] investigated the effects of regioregularity of PCDTPT using GIWAXS, and
reported the same edge-on orientation of the crystallites in the bulk for regio-regular samples.
With PCDTPT showing this promising orientation-induced hole mobility, Luo et al.[172]
reported another interesting aligning strategy based on the capillary action of the polymer
solution. With this aligning strategy use to mediate the chain assembly, the authors reported a
BGBC OFET charge carrier mobility as high as 21.3 cm2/Vs. Even more, the authors claimed
an intrinsic mobility of PCDTPT as high as 47 cm2/Vs, by extrapolating the channel length
dependence of the mobility to an infinite channel length to minimise the contact resistance
effect, although not without controversy.[34, 173-175]
Nevertheless, these studies have clearly demonstrated that the planarity and chain
alignment of PCDTPT and thus, the charge transport mobility can be directly manipulated
with simple chain alignment strategies such as nano-grooving of the substrates or blade
coating, especially at high temperature (200 C). In general, due to the optoelectronic
properties being dependent on the molecular organisation as well as on the crystalline order
and packing, various chain alignment strategies in solid state thin films are used regularly in
organic electronics research including solution shearing,[176-178] deep coating,[179] blade
coating,[180, 181] bar coating,[182] and push-coating.[183, 184] Similarly, rubbing the solid state
films with fibrillar clothes such as a velvet cloth, is also a very effective technique to align
the polymer chains in the desired direction. For example, the alignment of P3HT,
PBTTT, [11, 189] as well as P(NDI2OD-T2)[11, 190] films via rubbing have been reported.
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2.8 Summary: Motivation of this Thesis
This concluding section provides a summary of the literature survey on P(NDI2ODT2) presented in Section 2.6, and on BFS4 and PCDTPT presented in Section 2.7, serving as
the motivation of this thesis.
Section 2.6.2 presented a series of studies where the importance of solvent quality
and the chain aggregation of P(NDI2OD-T2) in different solvents were highlighted along
with the focus on not only their film microstructure but also on the effects of regioregularity
and crystallinity. However, a correlation between the solvent quality, OFET performance and
film microstructure of P(NDI2OD-T2) still remains unexplored.
Section 2.6.4 presented a number of studies which investigated the effects of MW on
OFET performance regarding a number of polymer systems. In doing so, it was highlighted
that a thorough investigation of the MW effects regarding the polymer, P(NDI2OD-T2) is
still to be addressed. Indeed, a detailed study of the effects of MW is required to understand
the structure-function relationship of this class of high performing D-A co-polymer.
Section 2.6.5 presented a series of observations from previous studies where it was
discovered that there exists a distinct edge-on surface layer in P(NDI2OD-T2) spin-coated
films. However, the reason why such surface layers form in P(NDI2OD-T2) films remained
unanswered. While the high polydispersity of P(NDI2OD-T2) samples and molecular weightdependent aggregation behaviour of P(NDI2OD-T2) providing some hints, further study is
clearly necessary to investigate this unconventional film formation.
Section 2.7 presented two brief literature surveys on the D-A co-polymer BFS4 and
PCDTPT; while BFS4 represents an interesting system to experimentally study dihedral
angles between its aromatic subunits, PCDTPT presents a relevant system for studying
changes in molecular orientation with different chain alignment technique.
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3.1 Introduction
This chapter introduces the materials used, the device fabrication methodology
employed, and the device characterisation techniques applied in this work. Details of the
characterisation techniques are presented in three sections:
1. Tools and techniques used in the laboratory such as OFET characterisation,
Ultra Violet-Visible (UV-Vis) spectroscopy, Atomic Force Microscopy
(AFM) and surface Profilometry.
2. Techniques employed at a synchrotron facility such as Grazing Incidence
Wide-Angle X-Ray Scattering (GIWAXS), Near Edge X-ray Absorption Fine
Structure (NEXAFS) spectroscopy, and Resonant Soft X-ray Scattering (RSoXS); and
3. Techniques used at a neutron facility such as Neutron Reflectometry (NR).

3.2 Materials
The high-performance semiconducting D-A co-polymer, poly[N, N′-bis(2octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-bithiophene),
P(NDI2OD-T2),[1] was sourced from both commercial suppliers and through collaboration
with the research group of Prof. Michael Sommer at University of Freiburg, Germany. Figure
3.1 (a) shows the chemical structure of P(NDI2OD-T2) along with the chemical structure of
other materials used in this work. P(NDI2OD-T2), commercially known as ActivInk™
N2200, was sourced from Polyera Corporation (Batch no. CZH-XIV-65-22) and Ryanergy
Tek Inc. (Batch no. CZH-HIV-115B-22). Chapter 4 and 7 employed ActivInk™ N2200 from
Polyera Corp. (Mn = 41 kDa, Ð =3.0), while Chapter 5 used the batch sourced from Ryanergy
Tek Inc. (Mw = 65.5 kDa, Mn = 31.2 kDa, Ð = 2.1). Together with these commercial batches,
Chapter 4 and 6 also presents data taken on a series of different molecular weight batches of
P(NDI2OD-T2) provided by the research group of Prof. Michael Sommer at the University of
Freiburg, Germany. Full details of these different batches are presented in the respective
chapters.
Chapter

7

presents

results

on

two

other

D-A

co-polymers,

namely

poly[[1,2,5]thiadiazolo[3,4-c]pyridine-4,7-diyl(4,4-dihexadecyl-4H-clopenta[2,1-b:3,4b′]dithiophene-2,6-diyl)], PCDTPT,[2, 3] which was sourced commercially from 1-Material
Inc. (Batch no. YY8138, Mw = 69 kDa, Mn = 27.6 kDa, Ð = 2.5) and BFS4,[4, 5] a dithienyl75
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benzo[1,2-b′:4,5-b′]dithiophene (DT-BDT) and 5-fluoro-2,1,3-benzothiadiazole (FBT) based
polymer (Mw = 180 kDa, Mn = 50 kDa, Ð = 3.1), which was provided by Dr Tianshi Qin of
the Commonwealth Scientific and Industrial Research Organisation (CSIRO), Australia; see
Figure 3.1 (b, c) for the chemical structures.
For OFET fabrication, polyethyleneimine ethoxylated solution (80 %), PEIE (Batch
no. 04814BGV), was sourced from Sigma-Aldrich Co. while the low-k dielectric material
CTYOP with ɛ =2, was sourced from Asahi Glass Co. Ltd (CLT-809M Batch no. 150239);
see Figure 3.1 (d, e) for the chemical structures.

Figure 3.1: Chemical structure of a) P(NDI2OD-T2), b) BFS4, c) PCDTPT, d) CYTOP and
e) PEIE.
For the solution processing of these polymers, solvents were sourced from SigmaAldrich Co. such as p-xylene, chloronaphthalene, o-dichlorobenzene, chloroform,
chlorobenzene, toluene and 2-methoxyethanol, used both inside of an N2-filled glove box and
outside in ambient. Anhydrous solvents were employed for the solutions processed inside the
glovebox.
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3.3 Characterisations
3.3.1 Laboratory-based Techniques
With the OFET being the crucial tool used to measure charge transport in this thesis,
this section focuses on the OFET fabrication and characterisation. Other laboratory-based
tools and techniques employed by this thesis such as UV-Vis spectroscopy, AFM and surface
profilometry are also presented.
3.3.1.1 Organic Field Effect Transistor (OFET)
With the theory of an OFET operation being discussed in Section 2.2, the following
sections present the details of the OFET fabrication as well the details of data acquisition and
analysis.
3.3.1.1.1 Device Fabrication
Interdigitated gold source/drain electrodes were patterned at the Melbourne Centre for
Nanofabrication (MCN), Victoria, Australia by the means of photolithography via the lift-off
technique. Silicon wafers with 300 nm of thermally evaporated SiO2 (Silicon Valley
Microelectronics (SVM), Inc. and UniversityWafer, Inc.) were used as substrates. Wafers
were coated with AZ1518 photoresist and exposed to UV light through a mask to define the
electrode patterns. Following development of the resist, the wafers were coated with 5 nm of
chromium and then 15 nm of gold, deposited via vacuum evaporation with the remaining
resist removed via lift-off to define the source/drain electrodes; Figure 3.2 shows an optical
microscope image of a pair of interdigitated source/drain electrodes patterned through this
process with a channel length of L = 20 µm and width of W = 1 cm. Subsequently, the wafers
with patterned electrodes were diced into 12.5 mm by 12.5 mm dies with each die having 4 
L = 20 µm channel length electrodes, 4  L = 10 µm electrodes, 4  L = 5 µm channel length
electrodes and 4  L = 2 µm channel length electrodes, see Figure 3.2 (inset) showing four
transistors of L = 20 µm channel length electrodes. All transistors employed a channel width
of W = 1 cm. These transistor substrates were then cleaned in an ultrasonic bath with acetone
and isopropanol (10 minutes each) followed by oxygen plasma treatment for 10 minutes
(Harrick Plasma). An ultrathin layer of polyethyleneimine ethoxylate (PEIE, Sigma-Aldrich)
was then spin coated from a 0.01 wt% 2-methoxymethanol solution (at 5000 rpm, 1 minute)
and then dried on a hotplate at 110° C (20-30 minutes). PEIE was employed to facilitate
electron injection from the gold electrode into the LUMO of P(NDI2OD-T2).[6] To realise top
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gate transistors, (typically) 9-15 mg/mL P(NDI2OD-T2) solutions were prepared by
dissolving in an organic solvent (such as dichlorobenzene, toluene, etc.) by keeping the
solutions overnight at 80 °C (40 °C for chloroform only) and then filtered through a 0.45 μm
polytetrafluoroethylene (PTFE, Sigma-Aldrich) filter. These solutions were then spin coated
on the PEIE-coated dies and then annealed at 110° C (20-30 minutes) before spin-coating of
the CYTOP dielectric layer at 9000 rpm for 90 seconds, giving a dielectric layer thickness of
~ 500 nm.[7] The substrates were heated again at 110 °C (1 hour) before depositing a 30 nm
Al gate electrode (R.D. Mathis Company, purity: 99.999 %, Batch no. AL59669561) through
a shadow mask on top of the CYTOP layer via vacuum evaporation at ~ 10-6 mbar using
vacuum evaporator (Angstrom Engineering Inc.) integrated into a N2-filled glove box. This
completes the TGBC OFET architecture with structure Si/SiO2/Au/PEIE/P(NDI2ODT2)/CYTOP/Al. See Figure 2.1 for the schematics. At this point, it should be noted that
Chapter 4 presents studies where all the above-mentioned steps subsequent to substrate
cleaning were performed in an N2-filled glove box. However, in Chapter 5 the PEIE and
P(NDI2OD-T2) layers were deposited in ambient (outside of the glovebox). Readers are
directed to Section 5.4.2 for further details and Section 7.5.1.3 for a comparison study on the
degradation of P(NDI2OD-T2) films.

Figure 3.2 Optical micrograph of an interdigitated source/drain electrodes of channel length L
= 20 µm and width W =10 cm. Inset shows 4  L = 20 µm channel length transistors.
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3.3.1.1.2 Experimental Setup
Characterisation of transistors was carried out using a probe station (Signatone
H150) in an N2-filled glove box (see Figure 3.3). Devices were transferred between the
fabrication glovebox and the testing glovebox using a sealed container. Electrical
characterisation was performed using a 2-channel source/measure unit (Agilent B2900A)
with output and transfer curves acquired according to IEEE guidelines.[8] Two sets of OFET
characteristics were obtained: (1) Ids vs. Vds curves acquired at a constant Vgs, (so-called
output curves) and (2) Ids vs. Vgs curves acquired at a constant Vds, (so-called transfer curves).
A number of these output and transfer curves are presented throughout this thesis, for
example, Figure 5.3 in Chapter 5, and Figure B.1 and B.2 of appendix B. Following the IEEE
guidelines, forward and backward output curves (Ids vs. Vds) were acquired over voltage range
of Vds = 0 V to 60 V as a function of gate voltage ranging from Vgs = 0 in steps of 5 V.
Similarly, forward and backward transfer curves (Ids vs. Vgs) were obtained over the voltage
range of Vgs = -20 V to 60 V as a function of drain voltage ranging from Vds = 0 V to 60 V,
with a step size of 20 V.
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Figure 3.3: OFET characterisation rig (Signatone H150) in the N2-filled glove, with inset
showing three tips to connect the source, drain and gate of an OFET.
3.3.1.1.3 Data Analysis
Transfer curves were fitted with linear lines using Equation 2.6 by the means of an
in-house custom built Igor pro based GUI, implemented to extract the intrinsic saturation
mobility, µsat, threshold voltage, Vth and Ion/off ratio. This thesis only reports the saturation
mobility and does not include linear regime calculations.
3.3.1.2 UV-Vis Spectroscopy
For solution UV-Vis spectroscopy, P(NDI2OD-T2) solutions in a number of
solvents with a concentration of 0.01 mg/mL were prepared. A PerkinElmer Lambda 950
UV/Vis/NIR Spectrometer was used to collect the data in the range of 300 nm to 1000 nm.
The intensity of the incidence photon flux, Io, was compared to the intensity of the
transmitted photon flux, It, with the wavelength-dependent absorbance, Aλ determined by the
following formula:
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𝐼𝑡
𝐴 (𝜆) = log10 (− )
𝐼0

(3.1)

3.3.1.3 Atomic Force Microscopy (AFM)
Spin coated samples for AFM analysis were prepared on Si substrates coated with
PEIE to mimic transistor samples. A Bruker Dimension Icon AFM operated in ScanAsyst
mode (0.977 Hz scan rate) was used to acquire AFM images of surface topography by
scanning a sharp tip across the film. AFM image analysis and Fast Fourier Transformed
Autocorrelation (FFT-AC) analysis were performed with the Gwyddion data analysis
software.
3.3.1.4 Surface Profilometer
To measure the thickness of spin-coated films, a Dektak-150 Surface Profiler (Veeco
Instruments Inc.) was used which scans a stylus across the film. To reference the height of the
film relative to the structure, a scratch in the film was created by gently scraping a scalpel
across the film.
3.3.2 Synchrotron-source based Techniques
3.3.2.1 Overview
A synchrotron is a large X-ray radiation facility with a ring diameter of up to a
hundred meters or more. Such facilities utilise the relativistic property of electrons to produce
X-rays with a wide range of energy from the far infra-red to hard X-ray energies, covering an
energy range of a tenth of an electron volt (eV) to tens of kilo-electron volts (keV). The use
of synchrotron radiation has been applied to virtually all fields of natural sciences and
engineering, to archaeology, cultural heritage and other fields conventionally not associated
with the natural sciences.
The world's first purpose-built synchrotron was switched on in 1947 at General
Electric (USA),[9] and since then, a total of > 50 synchrotron facilities have been built all
around the world. From the first-generation synchrotrons in the 1950s where synchrotron
radiation was an unwanted by-product, to the third-generation synchrotrons in the 2010s
where state-of-the-art undulator is used to generate X-rays, the success story of synchrotron
radiation is comparable to the Moore’s law, as far as the increase in the Brilliance of the
radiation produced by such facilities over the years is concerned; see Figure 3.4. When
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compared with computer speed – which according to Moore’s law doubles every 18 months –
the brilliance of synchrotron radiation has consistently tripled every 18 months over the last
60 or so years.[10] Figure 3.4 presents the improvements in synchrotron radiation science and
a comparison with Moore’s law in computing power.[11]
A synchrotron source is comprised of five essential components (see Figure 3.5):[12]
1. A source of electrons (electron gun) and a linear accelerator (LINAC)
2. A booster ring
3. An array of magnets: dipole (bending), quadrupole and sextupole magnets
4. A radio frequency (RF) supply, and
5. Beamlines.
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Figure 3.4: Development of synchrotron science from the 1950s till 2010s (red line),
represented by X-ray Brilliance as a figure of merit (expressed in photons/sec/0.1%
bandwidth /mm2/mrad2). For comparison, a growth in leading-edge computing speed
(expressed in millions of operations/sec) is also shown (blue line) over the past 60 odd years.
Whereas computing speed is only doubled in every 18 months, the Brilliance of synchrotron
facilities has tripled. Figure courtesy: Harvard University doctoral thesis 2003 by O G
Shpyrko.[11]
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Figure 3.5: A schematic diagram showing the essential components of a synchrotron facility:
electrons produced by an electron gun are accelerated in a linear accelerator (LINAC) and
then fed to the booster ring and then to the storage room where electrons travel close to the
speed of light. An array of magnets keep the electrons in a circular path and collimate the
electron beam while a radio frequency (RF) supply replenishes energy lost by the electrons.
Beamlines are tangential to the storage ring, along with the axes of the insertion devices. The
first Section of a beamline (front end) is dedicated to a number of functions such as radiation
safety, isolating the beamline vacuum from the storage ring vacuum, blocking X-ray and
Bremsstrahlung radiation and filtering out, if necessary, the low-energy tail of the
synchrotron radiation spectrum to protect the optics and tools down to the beamline from
radiation damage. The next part of the beamline consists an array of optics, slits and
monochromators to focus, polarise and/or monochromatic the beam before it enters the
experimental hutch. For those beamlines generating high-energy X-rays, such as
SAXS/WAXS beamline at the Australian Synchrotron, the hutches are shielded using leadlined, thick concrete walls to protect users from not only X-rays but also from gamma rays
and high-energy neutrons. The inset shows how an accelerated electron produces
electromagnetic radiation when travels at velocities smaller compared to the speed of light
(isotropic) and when its velocity is close to that of the speed of light (pencil-like). Figure
reproduced from reference [12]
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3.3.2.2 Grazing Incidence Wide Angle X-ray Scattering (GIWAXS)
3.3.2.2.1 Background
Grazing incidence wide-angle X-ray scattering (GIWAXS), also called grazing
incidence X-ray diffraction (GIXRD) is a non-destructive, elastic scattering technique
employed in this thesis to probe the microstructure of carbon-based polymeric thin films. As
a result of the grazing incidence geometry, with typical incident angles of αi = 0.1 to 0.3
employed, one can take advantage of the phenomenon of total external reflection, see Figure
3.6, to enhance scattering from the polymeric thin film and minimise scattering from the
underlying substrate. Solution-processed polymeric thin films –being carbon-based materials
– have low scattering cross-sections. This is due not only to the low scattering volume of thin
film samples with a typical thickness of < 100 nm but also due to the fact that carbon and the
other constituent atoms of the polymers have low X-ray cross-sections in the hard X-ray
regime (9-12 keV). For example, typical atoms found in conjugated polymers such as carbon,
nitrogen, oxygen, fluorine and sulphur have an atomic number, Z = 6, 7, 8, 9 and 16,
respectively, and have very low electron density, ρ, resulting in a low X-ray cross sections in
keV range. However, the availability of a highly collimated, intense X-ray beam at a
synchrotron source enables a use of narrow beam-size incident at precise, shallow angles with
sufficient scatter to record both the in-plane and out-of-plane scatter on a 2D detector
simultaneously (see Figure 3.6).
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Figure 3.6: Schematic of the GIWAXS experimental setup showing the grazing incidence
geometry.
For monochromatic X-rays with energy E = hc/λ with a wave vector ki and a wave
number ko = 2π/λ being scattered along the kf direction (see Figure 3.6), the scattering vector,
q is defined as
𝐪 = (q x, q y , q z ) = 𝐤 𝐟 − 𝐤 𝐢

(3.2)

With its components qx, qy, qz defined as
2𝜋
(𝑠𝑖𝑛𝜓𝑐𝑜𝑠𝛼𝑓 )
𝜆

(3.3)

2𝜋
(𝑐𝑜𝑠𝜓𝑐𝑜𝑠𝛼𝑓 − 𝑐𝑜𝑠𝛼𝑖 )
𝜆

(3.4)

2𝜋
(𝑠𝑖𝑛𝛼𝑖 + 𝑠𝑖𝑛𝛼𝑓 )
𝜆

(3.5)

𝑞𝑥 =

𝑞𝑦 =

𝑞𝑧 =

In a grazing incidence geometry, the presence of lateral deviations of the refractive index of
the material (n) causes diffuse scattering where the angle of scattering (αf ) differs to that of
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the angle of incidence (αi) i.e. αi ≠ αf ; this diffusive scattering carries information about the
microstructure of the samples in the qx and qz directions (see Figure 3.6).
Since the refractive index of materials at hard X-ray energies is marginally less than
one, the total external reflection of X-rays from a sample can occur for angles of incidence
below the critical angle, c. The following Equation depicts the relationship between the
critical angle αc and the electron density, ρ of a material:
𝑟𝑜
αc = λ√
π

(3.6)

Where ro is the classical radius of a free electron.
With respect to the critical angle of the polymeric/organic sample (αc) and the
supporting substrate (αc, subs), three different scenarios can occur with incident X-rays:
1. αi < αc : incident X-rays penetrate only the surface of the thin-film, giving
information about the near-surface region.
2. αc < αi < αc, subs: incident X-rays penetrate through the whole thickness of the
film but not through the substrate, giving information about the crystalline
structure of the whole sample.
3. αc, subs < αi: incident angle penetrate through the film and into the substrate,
giving information about the film and the substrate.
With the tuning of the incident angle, the organic thin film microstructure can be
probed as a function of depth into the sample. Typically when one is simply interested in the
microstructure of the bulk (rather than top surface) of the film, an incident angle equal to or
close to the critical angle of the sample i.e. αi ≈ α, provides the highest scattering signal while
minimising scatter from the substrate.
Now, since organic (polymeric) films are typically semicrystalline, scattering from a
single crystal is seldom possible; however, the scattering signals from such samples still carry
enough information to analyse the local microstructure of the crystallite regions of the
sample, for example, spacing of crystalline planes, the size of crystallites as well as para
crystallinity of the film. The following four scenarios describe what commonly observed in a
GIWAXS pattern of semi-crystalline thin films along with their associated texture, as shown
in Figure 3.7:[13]
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a) A highly crystalline film with crystals orienting parallel to the substrate
surface with a d-spacing, d: pronounced regular Bragg peaks in the out-ofplane direction.
b) A film with highly ordered crystallites oriented both parallel and perpendicular
to the substrate: pronounced regular Bragg peaks along both the in-plane and
out-of-plane directions.
c) A textured film with domains oriented with an angular distribution around the
horizontal alignment: out-of-plane Bragg peaks are broadened.
d) Powder-like films with a large degree of orientational disorder of the
crystallites: Bragg peaks are smeared out into Debye-Scherrer-like rings.

Figure 3.7: 2D GIWAXS schematics with a beam stop (black box) showing film crystallinity
and corresponding GIWAXS pattern in the case of a) vertical lamellar stacking, b) crystallites
with vertical and horizontal orientation, c) vertically oriented domains with a small degree of
orientational disorder, and d) full rotational disorder of crystallites. Figure reproduced from
ref. 13.
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3.3.2.2.2 Experimental Setup
This thesis reports a number of GIWAXS measurements conducted at the
SAXS/WAXS beamline of the Australian Synchrotron, see Figure 3.8.[14] Thin films were
prepared on Si/SiO2 substrate with a thin PEIE (0.01 wt %) layer following the same protocol
as OFET fabrication. Highly collimated 9 keV X-ray photons with a beam footprint of 250
μm (horizontal) × 150 μm (vertical) were aligned parallel to the substrates by varying the
sample height and polar angle such that the sample cuts the intensity of the beam by ~ 50 %
while measuring the transmitted signal with a crystal analyser. GIWAXS measurements were
carried out with a Dectris Pilatus 1M detector with a pixel size of 172 μm × 172 μm, placed
at ~ 350 - 400 mm from the sample to acquire q values > 2.0 Å-1. The sample-to-detector
distance was calibrated by measuring the scattering from a silver behenate sample. Each 2D
scattering pattern presented is the result of a total of 3  1s exposures, where the three
exposures were taken at different lateral detector positions to fill in the gaps between modules
in the detector and combined in software. A beam-stop was placed behind the sample to
prevent the high intensity direct and reflected beam hitting the 2D detector. A series of
incident angles from 0.05° (below the critical angle of the polymer film) to 0.3° (above the
critical angle) were used with angular steps of 0.01° and the sample was moved to a new spot
for each incident X-rays.
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Figure 3.8: GIWAXS experiment setup with inset showing the SAXS/WAXS beamline,
Australian Synchrotron. Figure courtesy: Monash University doctoral thesis 2016 by W.
Haung[15] Note that the experiments were performed in ambient, and the beam-stop was
placed just after the sample to minimize air scattering.
3.3.2.2.3 Data Analysis
A modified version of the NIKA small angle scattering analysis package[16] was used
to analyse the data, with peak fitting performed using least squares multi-peak fitting within
IgorPro on 1D line profiles extracted from 2D images acquired at the critical angle.
1D graphs were obtained by integrating the scattering intensity along the out-ofplane (polar angle: from 70° to 110°) and in-plane direction (polar angle: from 0° to 20°).
Scattering peaks were fitted with a Gaussian and/or Lorentzian function after subtracting a
cubic or logarithmic cubic background function. The d-spacing, d and coherence length, Lc
were calculated from Bragg’s law and the Scherrer Equation, respectively:

𝑑=

2𝜋
𝑞

(3.7)
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𝐿𝑐 =

2𝜋𝐾𝑠𝑓
𝐹𝑊𝐻𝑀

(3.8)

Where Ksf is the shape factor (this thesis uses Ksf = 1) and FWHM is the full width half
maximum of a fitted peak.
While the areas of the fitted peaks at a fixed q-value were used to compare
crystallinity between samples in more of a qualitative manner, the orientation of crystallites
was quantitatively determined from the partial pole figure by using the Herman’s orientation
parameter, S, which quantifies the degree of edge-on versus face-on packing in the sample
and considers the azimuthal dependence of the scattering intensity, I(), of a particular
peak[17]:
𝜋

∫ 2 𝐼() cos2  sin d
1
𝑆 = (3 0 𝜋
− 1)
2
2
∫0 𝐼() sin d

(3.9)

S can take values ranging from S = 1 for perfectly edge-on orienting crystallites to S = -0.5
for perfectly face-on orienting crystallites, see Figure 2.11 (d). A value of S = 0 corresponds
to no preference for edge-on or face-on stacking. Note that, in analysing the Herman’s
orientation parameter, the analysis assumes that polymer backbones are all lying in plane
with face-on orientation on the substrate, as evident from the 2D GIWAXS images and their
analysis.
3.3.2.3 Near Edge X-ray Absorption Fine Structure (NEXAFS) Spectroscopy
3.3.2.3.1 Background
Near Edge X-ray Absorption Fine Structure (NEXAFS) is a powerful spectroscopic
technique to probe the chemical signature, electronic structure and molecular orientation of
the surface and near-surface of organic/polymeric thin films. This technique takes advantage
of the highly polarised nature of photons available at synchrotron sources along with the
ability to vary the photon energy necessary for spectroscopy experiments. By carrying out
experiments in an ultra-high vacuum sample chamber (base pressure = 10-10 mbar), electronyield techniques enable surface sensitivity of a few nanometres or less.
Depending on the targeted absorption edges of an element (K-, L-edge etc.), incident
X-rays with energy close to the ionisation energy of the core electrons are used to probe a
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sample.[18] For example, 290 eV is the ionisation energy of carbon 1s electron that
corresponds to carbon K-edge absorption; hence, X-rays with an energy range of 270/280 eV
to 320/330 eV is typically used in carbon K-edge NEXAFS spectroscopy. Typically 90 eV to
~ 2 keV energy is considered as the soft X-ray regime, which covers absorption at the
different edges of a number of elements including low-Z elements that constitute organic
(polymeric) thin films such as carbon, oxygen, fluorine and sulphur,[12] giving elemental
signatures and electronic structure fine structure. For example, Figure 3.9 shows a typical
normalised carbon K-edge NEXAFS spectrum of a conjugated polymer with fine structures.
Here, the fine structure of the C1s→π*C=C manifold appears below the ionisation energy of ~
290 eV, while the σ*-manifold appears after the ionisation energy. With the survey of the
literature on carbon K-edge NEXAFS spectroscopy of conjugated polymers,[19-26] such as
P(NDI2OD-T2),[27-29] it is typically found that C-H * peaks appear at ~ 286 eV, while the
fine structure at ~283 - 286 eV correspond to C=C π* peaks. The C=O π* peak may be found
near ~ 288 eV, while the peaks at ~ 292 eV and ~ 295 eV in the *-manifold typically
correspond to C=O σ* and C-C σ* peaks, respectively. Readers are directed to Section
7.5.1.3, Figure 7.8 for a series of peak assignments to a P(NDI2OD-T2) spectra.

Figure 3.9: (left) Schematic of the absorption of a soft X-ray photon by an electron, exciting
it from a core state to an antibonding molecular orbital, and (right) a typical normalised
NEXAFS spectrum of a conjugated polymer with fine structure at the C1s→π*C=C manifold
is seen where carbon K-edge ionization threshold is ~ 290 eV.
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To probe the molecular orientation at the surface of a sample, the linear polarisation
of synchrotron X-ray photons is exploited. When linearly polarised X-rays with energy
at/near an elemental absorption edge are incident upon a sample, a core-shell electron is
promoted into an unfilled molecular orbital of antibonding character, see Figure 3.9. This
electronic transition is associated with a vector, the Transition Dipole Moment (TDM), which
is characterised by the polarisation and strength of the transition so that the maximum
strength of an absorption takes palace when this TDM is perfectly aligned with the electric
field vector of the incident X-ray beam.[30] Now, due to the spherical nature of the 1s orbital,
the orientation of the TDM of transitions orienting from this orbital is determined by the
geometry of the corresponding antibonding orbital to which the electron is excited. For
example, as illustrated in Figure 3.10 for aromatic structures such as thiophene, the TDM of
the C1s→π* transition is oriented perpendicular to the ring plane of the molecule. For a
C1s→σ* transition in the associated TDM is oriented along the direction of the σ-bonds,[31]
Hence, varying the electric field vector of the incident X-ray beam from grazing incidence
(20) to normal incidence (90), results in a linear dichroism in the measured NEXAFS
spectra, see Figure 3.10 (right panel), which can be used to infer information about the
orientation of different molecular bonds in the system.
For spin-coated semiconducting polymer films, the polymer backbones randomly
directed in the plane of the film on the length scale of the beam footprint. Thus, for planar
aromatic molecular unit such as the thiophene unit in P3HT, the average molecular
orientation of the unit (and hence the average tilting of the polymer backbone), <> can be
found in a straightforward manner by obtaining the average tilt angle, <γ> of the TDM
associated with the π*-manifold using the Equation:[26, 32]
𝐼 = 1⁄3 [1 + ½ (3𝑐𝑜𝑠 2 𝜃 − 1)(3𝑐𝑜𝑠 2 𝛾 − 1)]

(3.10)

< 𝛼 > = 900 − < 𝛾 >

(3.11)

Where θ is the incident angle shown in the inset of Figure 3.10 (left). Note that, this angle
represents an average molecular orientation of the polymer backbones; however, they do not
represent the tilt distribution. Furthermore, the polymer backbone in a unit cell can be tilted
with respect to the surface normal while the unit cell is aligned parallel to the surface normal.
As a result, while GIWAXS can potentially give information about the distribution of unit
cell tilting, angle-resolved NEXAFS gives the average molecular orientation of the polymer
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backbones. Also note that previous work has shown 15 to 20 π-tilt in P3HT unit cells,[138]
discussed in the background section, Section 2.6.1. Moreover, with their backbone axis
preferentially in-plane, semiconducting polymers complicate NEXAFS analysis further.
Relevant discussion are presented in the result chapters.

Figure 3.10: (a) NEXAFS experimental geometry with the electric field vector of the incident
X-rays probing a P3HT sample from grazing to normal incidence with respect to the sample
plane. For a P3HT chain lying perfectly flat as depicted, the C1s→π* and C1s→σ* have
TDMs oriented perpendicular and parallel to the sample plane, respectively. Figure (b) shows
the reference axes (x, y, z) and orientation of the electric field of the incidentX-ray beam, E
and TDM, O, with respect to the thiophene plane. (Right) A series of NEXAFS spectra of
P3HT obtained at five different incident angles showing linear dichroism not only at the π*manifold below the C1s ionisation threshold at ~ 290 eV but also at σ* energies (> 290 eV).
NEXAFS spectra can be acquired in several different modes. Since x-ray absorption
is commonly measured indirectly via monitoring processes associated with the decay of the
excited state, these different detection modes afford differences in surface sensitivity.[30, 33]
The simplest measurement mode is the Total Electron Yield (TEY) mode, which measures the
drain current through a grounding path that neutralises the photoelectrons leaving the sample
as a result of X-ray absorption. TEY mode is experimentally straightforward but interpretation
can be ambiguous, especially when attempting to quantify the depth within the sample from
which the signal originates.[34] Other modes, for example, Auger Electrons Yield (AEY) or
Partial Electron Yield (PEY), directly measure electrons ejected from the sample surface by
using an electron detector. In the case of AEY, an appropriate high-pass kinetic energy filter is
set so that the electron yield signal can be adjusted to include only un-scattered Auger
electron; while in the case of PEY, a single high-pass energy filter is set for the all the scans.
Hence, PEY measures both Auger electrons as well some electrons that have been non94
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elastically scattered from deeper within the sample.[12, 32, 34] The surface sensitivity of AEY
and PEY mode are more well-established; where the inherent surface sensitivity of AEY and
PEY are the top 1-5 nm of a sample,[31] reflecting the distance an electron can escape without
losing (much) kinetic energy. While all these NEXAFS electron yield modes are surfacesensitive, it is also possible to measure a bulk-sensitive Fluorescence Yield (FY) by
measuring the X-ray fluorescence that follows X-ray absorption. The FY signal of carbonbased thin films can be weak, however, and interpretation of FY spectra is more complex
because scattered incident light must be separated from the fluorescence signal, and selfabsorption of photons in the film must be accounted for.[29]
3.3.2.3.2 Experimental Setup
NEXAFS spectroscopy experiments were performed at the soft X-ray beamline of
the Australian Synchrotron (Figure 3.11). At this beamline nearly perfectly linearly polarised
photons (≈1) are produced from an APPLE II elliptical polarised undulator with the
monochromators and slits proving a high spectral resolution of E/ΔE~ 10,000. The optimal
energy range in this beamline is 90 eV to ~ 2 keV, with a beam size of 0.15 mm (horizontal)
× 0.015 mm (vertical).

Figure 3.11: Soft X-ray beamline endstation, Australian Synchrotron. Inset showing sample
holders with mounted samples: (left) the so-called Franken puck that allows to load > 20
samples of 5 mm  10 mm and (right) gold plated regular puck on which 5 - 8 samples can
be loaded. These pucks are then transferred to the analysis chamber for data acquisition.
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This thesis reports NEXAFS spectroscopy studies for three D-A co-polymers with
most data acquired at the carbon K-edge in the PEY and TEY modes. Chapter 7, however,
discusses NEXAFS studies taken at multiple absorption edges for the polymer BFS4 and
presents data acquired in the FY mode for a study of the polymer P(NDI2OD-T2). Samples
for NEXAFS measurements were spin-coated on highly doped silicon wafers following the
same OFET fabrication recipes. The samples were cut roughly to 5 mm × 10 mm and
mounted onto a sample plate, either onto the Franken puck or regular puck, with doublesided carbon tape (see inset, Figure 3.11). Sample plates were loaded onto a sample holder
which were introduced to the load-lock and pumped down to ~ 10-7 mbar before being
introduced into the ultrahigh vacuum system with a base pressure of 10-10 mbar.
X-ray absorption was measured by three different modes: TEY, PEY and FY, this
thesis reports TEY and PEY spectra in Chapter 4, 5 and 7, while Chapter 7 also include some
FY measurements. Carbon K-edge NEXAFS spectra were taken at the energy range of 270 to
330 eV or 280 to 320 eV with an acquisition time of 0.5 s for each step (0.1 eV). All signals
were collected at X-ray incidence angles of 20°, 40°, 55°, 70° and 90°, where the sample was
moved to a new spot after each scan to prevent the beam damage. The recorded signal was
normalised to the incident photon flux using the ‘‘stable monitor method,’’ where a gold
mesh is used to track variations in X-ray flux during data acquisition with carbon
contamination on the gold mesh calibrated by measuring the direct signal with a silicon
photodiode.[36] The signal probed from the sample was compared with a reference highly
ordered pyrolytic graphite (HOPG) and the variation of the photon flux was monitored by
using a gold mesh.
3.3.2.3.3 Data Analysis
NEXAFS PEY, TEY and FY spectra were first normalised by subtracting a
background, which scales according to the atomic scattering factors of the material before the
onset of the first feature setting, i.e. the absorption measured at 280 eV, and then normalising
to a value of 1 at the post-edge energy of 320 eV.[36]
To accurately determine resonance intensities, NEXAFS spectra were fitted with a
series of Gaussian peaks and a step edge using coding tool QANT, implemented in
IgorPro.[37] Figure 3.12 shows an example fitting of a BFS4 spectrum, illustrating the
confidence of the peak fitting and extracted parameters. The fitting were performed with a
step-edge at the incident energy of 290 eV (grey region). A series of 5 Gaussian curves were
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fitted (different coloured regions) near the K-edge for carbon 1s→π*C=C transitions at the
incident energy of 283 eV - 290 eV. The plot to the right in Figure 3.12 plots the fitted area of
each peak in the π*-manifold (284 eV-286 eV) as a function of incident angle, where the Sum
of Areas (red line on the yellow shaded region) plots the sum of areas of the 5 peaks
associated with the π*-manifold. The average TDM tilt-angle <γ> for each peak was found
by fitting each plot of peak area vs. angle to Equation 3.16. The average molecular
orientation, < > can then be calculated by Equation 3.10.

Figure 3.12: (left) Example peak-fitting of a TEY NEXAFS spectrum (Sample: P(NDI2ODT2), annealed at 110 °C) to a series of Gaussians (coloured regions) and ionisation step-edge
(grey region). Also, a plot of peak area of various fitted-peaks at the π*-region as a function
of X-ray angle of incidence is shown to calculate the average tilt angle, <γ> of the polymer
backbone; for example, <γ> = (54.7 ± 0.3) is found for this example fitting.
3.3.2.4 Resonant Soft X-ray Scattering (R-SoXS)
3.3.2.4.1 Background
Resonant Soft X-ray Scattering (R-SoXS) is essentially a Small Angle X-ray
Scattering (SAXS) technique performed at soft X-ray energies. By performing X-ray
scattering close to an elemental absorption edge (such as at ~ 284 eV for the carbon K-edge),
enhanced scattering intensity and chemical sensitivity are obtained compared to performing
scattering at hard X-ray energies. Although enhanced scattering at an elemental absorption
edge has been known for years in the SAXS community where it is referred to as ‘anomalous
scattering,’ the usefulness of such scattering especially in regard to the soft matter research
has only been recently developed at the Advanced Light Source, Lawrence Berkeley National
Laboratory, USA.[38-42]
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In a conventional SAXS measurements, the incident X-rays interact with the
electrons in the sample as if they were ‘free,’ with the result that the scattering contrast is
treated as a sum of the scattering from all of the individual electrons. R-SoXS, on the other
hand, takes advantage of the enhanced scattering contrast resulting from interactions between
‘bound’ electrons by using incident X-rays with energies at/near an absorption edge. This
resonant scattering is analogous to a simple harmonic oscillator where the scattering reaches
a maximum when the incident X-ray energy matches that of a specific chemical bond,
resulting in an enhancement in the scattering intensity relative to energies far below or above
the absorption edge. For example, when the X-ray energy is tuned near the atomic absorption
edge of the constituent elements of a polymer such as ~ 284 eV for carbon K absorption edge,
the core electron is excited to an unoccupied molecular orbital and thus, a strong resonance in
scattering signal is observed.
The physics of the R-SoXS technique can be described by the complex index of
refraction of matter, n(E), where the interaction of X-rays with matter is encoded. n(E) is
defined as:
𝑛(𝐸) = 1 − 𝛿(𝐸) + 𝑖𝛽(𝐸)

(3.12)

Where, E is the photon energy and δ and β are the dispersive and absorptive component,
respectively. δ and β are both dependent upon energy and for a particular sample can be
defined as:

𝛿(𝐸) =

𝑒 2 𝜆2 𝜌 ∑𝑘 [𝑓𝑘0 (𝜆) + 𝑓 ′ (𝜆)]
∑𝑘 𝑀𝑘
8𝜋 2 𝑐 2 𝑚𝑒 𝜀0

(3.13)

𝑒 2 𝜆2 𝜌 ∑𝑘 𝑓 ′′ (𝜆)
8𝜋 2 𝑐 2 𝑚𝑒 𝜀0 ∑𝑘 𝑀𝑘

(3.14)

𝛽(𝐸) =

Where, e = elementary charge, me = electron rest mass, c = speed of light, ε0 = permittivity
constant, ρ = mass density, Mk = atomic weight of the kth constituent atom, and f′, f′′ and fk0
are the dispersion corrections where fk0 is approximated by the total number of electrons, Zk.
This two energy dependent components of the refractive index are related to the complex
scattering factor, f = (f1 - if2) = (f0 + ∆ f′ - ∆f′′) in the forward scattering limit through
𝛿(𝐸) − 𝑖𝛽(𝐸) = 𝛼𝜆2 ( 𝑓1 − 𝑖𝑓2 )
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𝑤ℎ𝑒𝑟𝑒, 𝛼 =

𝑛𝑎 𝑟𝑒
2𝜋

(3.16)

With na = number density of atoms.
Since the complex refractive index, n(E), changes rapidly near an absorption edge as a
function of incident photon energy, the quantity (∆δ2 + ∆β2) can then be used to determine
the materials contrast and scattering strength in a two-component blend , where δ and β can
be calculated by the means of Kramers-Kronig transformation.
Now, by taking the advantage of the polarised nature of synchrotron light, an
exciting, novel capability of R-SoXS technique can be used to characterise the characteristic
size of domains with the correlated alignment of molecules in a single-component system
such as polymeric films. This capability is derived from the sensitivity of polarised soft Xrays to bond orientation (see section above) when using energies at/near an absorption
edge.[42,

43]

Unlike hard X-rays and neutrons which are not sensitive to bond orientation,

polarised (linear and/or circular) soft X-rays with an energy at/close to an elemental
absorption edge of the probed material are sensitive to the orientation of the TDM, where
scattering contrast at a given photon energy varies with the relative orientation of the TDMs
and electric field vector of the incident photons (described thoroughly for NEXAFS in
Section 3.5.2.3). For example, carbon-based polymeric materials do not show any resonant
interaction with a polarised beam at an energy far away from carbon K-edge such as 250 eV
where scattering being due to materials/vacuum contrast only. However, at ~ 285 eV
scattering can occur from different orientationally correlated domains of the sample; that is,
scattering contrast arises from domains that have different characteristic orientations of the
carbon 1s to * TDM with respect to the electric field vector of the polarised X-ray beam.[42]
Since the carbon 1s to * transition dipole moment is perpendicular to the polymer backbone,
R-SoXS measurements at ~ 285 eV are thus sensitive to domains with different orientations
of the polymer backbone. Thus, the R-SoXS technique, when used with a polarised photon
beam, provides unparalleled information about the liquid-crystalline microstructure of
organic/polymeric samples with locally large anisotropic bond orientation.
This capability is further described with the following example from the work of
Collins et al.[43] The authors first employed Soft X-ray microscopy (STXM) technique to
image correlated alignment of an as-cast and post-annealed bilayers of PBTTT films as
shown in Figure 3.13 (a) and (b). STXM images were acquired at the C-1s→π∗ peak at 285.4
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eV. Like R-SoXS, STXM is also sensitive to the polarised soft X-rays to bond orientation;
thus, both the R-SoXS and STXM techniques provide essentially the same information about
the correlated alignment of molecules, albeit STXM provides qualitative data.[44] To compare
this qualitative information obtained from the STXM images, the authors employed R-SoXS
technique at both a resonant and non-resonant energy. Figure 3.13 (c) and (d) show the RSoXS profiles of the PBTTT as-cast and (pre- and post-) annealed samples acquired at 250
eV and 285.4 eV, respectively. Clearly, R-SoXS profile at a resonant energy (285.4 eV,
Figure (d)), shows an evaluation of peak position with sample treatments while no such peaks
are evident in the case of the profiles taken at the non-resonant energy of 250 eV (Figure (c)).
As shown in Figure (d), while the peak at q ≈ 0.05 nm-1 for the as-cast film (black line)
corresponds to a domain spacing of ~ 100 nm, the peak at q ≈ 0.008 nm-1 for the pre-annealed
film (red line) corresponds to the domain spacing of ~ 1,000 nm. This domain spacing
corresponds to the orientational correlation length (OCL), thanks to the characteristic
orientations of the carbon 1s to * TDM with respect to the electric field vector of the
polarised X-ray beam. Figure 3.13 (e) shows the BGTC OFET schematic used to extract the
saturation mobility and (f) shows the Pearson correlation analysis between OFET saturation
mobility and the OCL values obtained from Figure (d), with a confidence interval = 68 % and
uncertainty bars from > 15 devices. With this successful use of R-SoXS, the authors found a
linear correlation between the PBTTT OFET mobility and their corresponding OCLs,
demonstrating the power of using R-SOXS where bond orientation is utilised as a mechanism
of scattering contrast.

100

|| Experimental ||

Figure 3.13: Work of Collins et al. [43] showing the correlation between PBTTT R-SoXS
results and OTFT performance. STXM images of (a) as-cast and (b) post-annealed bilayers of
PBTTT films acquired at an energy of 285.4 eV. The results were compared with R-SoXS
profiles of the samples were probed at a (c) a non-resonant energy = 250 eV and (d) a
resonant energy = 285.4 eV. Figure (e) shows a BGTC OFET schematic, employed to extract
OFET saturation mobility. Figure (f) presents the Pearson correlation analysis between
OFET saturation mobility and the OCL values obtained from Figure (d), with a confidence
interval = 68 % and uncertainty bars from > 15 devices. The authors found a linear
correlation between the PBTTT OFET mobility and their corresponding OCLs. Note that the
OCL is also defined in the inset, depicting the lateral orientation of the liquid-crystalline
director of polymeric backbone orientation.
3.3.2.4.2 Experimental Setup
R-SoXS measurements were performed at beamline 11.0.1.2 at the Advanced Light
Source.[40] Figure 3.14 shows the experiment setup where a small angle scattering
transmission geometry is used to collect the data in the high vacuum (10-6 mbar) chamber.
Spin-coated films were prepared on highly doped Si wafers with a thick layer of
PEIE (10 wt% solution) or sodium sulfonate (NaPSS) to assist floating off in deionized
water. The floated films were then transferred onto 100 nm X-ray transparent SiN2 windows
(Norcada Inc.); readers are directed to Figure 7.2 for the details of floating technique. RSoXS scattering profiles were acquired as a function of photon energy, with an energy of ~
284 eV corresponding to the largest peak in the carbon 1s to * manifold used for resonant
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scattering and 270 eV used for non-resonant (material/vacuum contrast) scattering. An X-ray
beam size of ~ 200 µm full width half maximum (FWHM) averages the size of the
orientationally correlated domain of the polymeric samples. Scattered photons were collected
by a Princeton PI-MTE in-vacuum back-illuminated CCD detector with 27.6 µm  27.6 µm
pixels. A sample-to-detector distance of 150 mm was employed. The sample-to-detector
distance was calibrated by measuring the scattering from spherical polystyrene nanoparticles
of known diameter.

Figure 3.14: R-SoXS experimental setup at beamline 11.0.1.2, Advanced Light Source,
showing the samples mounted on the sample plate and the in-vacuum CCD detector with a
beam stop in front.
3.3.2.4.3 Data Analysis
Two-dimensional scattering patterns were reduced to a one-dimensional profile by
using a customised version of NIKA and subsequently scaled by a factor of q2 to represent
the intensity scale, I(q).[45]
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3.3.3 Neutron Source Based Techniques
3.3.3.1 Overview
Neutron sources are typically large scale facilities used for academic and industrial
research where neutron beams are used to probe the structure of target samples. Neutron
sources around the world take advantage of one of either of the following two nuclear
processes to produce research-grade neutrons: (1) nuclear fission and (2) spallation.[46]
In a fission reaction, a heavy nucleus such as

235

U splits into lighter ones generating

γ-rays and neutrons along with other subatomic particles. For example,
stray neutron to form highly unstable

236

235

U can absorb a

U which can then break up in a number of different

ways. Equation 3.32 shows a possible mechanism:
𝑛+

235

𝑈 →

236

𝑈→

134

𝑋𝑒 +

100

𝑆𝑟 + 2𝑛

(3.17)

With a combination of other possible mechanisms, an average of 2.5 neutrons are created per
event, and in a controlled, self-sustained chain reaction a neutron flux of up to 1015 s-1cm-2
can be obtained at a typical research reactor.
Nuclear spallation is an alternative source of neutrons, whereby a stream of high
energy protons with energy in the range of GeV strikes a heavy element target such as
tungsten or mercury which produces neutrons and protons and other subatomic by-products.
In this process, an average of > 10 neutrons can be created for each incident proton; and
hence, should theoretically produce a 10-fold high neutron flux than a fission source.
Similar to a synchrotron, a neutron facility facilitates various neutron-based
experiments such as nuclear reflectometry (NR), neutron powder diffractometry, small-angle
and ultra-small-angle neutron scattering and neutron radiography, tomography and imaging.
3.3.3.2 Neutron Reflectometry (NR)
3.3.3.2.1 Background
Neutron Reflectometry (NR) is a technique which is employed to measure the
thickness and chemical composition of one or several thin layers at a surface/interface with a
typical thickness of 5 Å - 5000 Å. Among other parameters, sensitivity to chemical
composition can be afforded by differences in neutron scattering length densities, which can
be enhanced by deuteration.[47]
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The physics of neutron scattering is similar to that of hard X-ray scattering, although
a fundamental difference is that the source of neutron scattering is from the nuclei whereas
for hard X-ray scattering it is from the electron density outside of the nuclei. While previous
sections have introduced some basic concepts in X-ray scattering, the interaction of neutrons
with matter is introduced here in terms of a few useful parameters such as nuclear scattering
lengths, l, and scattering length density, SLD.
Considering a wave formalism where the magnetic interaction of neutrons and
absorption of neutrons by the target material are neglected, a neutron beam with an incident
angle αi (~ 1°) can be reflected by a flat surface at the air/material interface with indices of
refraction of 1 (vacuum) and n, respectively; see Figure 3.6 for grazing incidence geometry in
the context of GIWAXS experiment. Here, n can take the value smaller or larger than 1 for
neutron scattering and is defined by Equations 3.18, 3.19 and 3.20. In the case of ideal elastic
scattering from an unpolarised beam, the energy transfer, E can be written as:

𝐸=

|ℏ𝒌2𝒊 | |ℏ𝒌2𝒇 |
−
2𝑚𝑛
2𝑚𝑛

(3.18)

See Equation 3.2 for the description. Here, ℏ = h/2π with h being the Plank’s constant and mn
= neutron rest mass. Unlike X-rays, the neutron scattering function, f (λ, θ) is invariant with
respect to wavelength, λ and scattering angle, θ, as long as the nucleus is treated as point-like,
and is defined as:
𝑓 (𝜆, 𝜃) = −𝑏

(3.19)

Where b is a constant and is called scattering length and the minus sign is a matter of
convention in the forward scattering geometry. The magnitude of b determines the strength
of the scattering, whereas its sign indicates whether the incident and outgoing waves are in or
out of phase (180◦). This scattering length, b, depends on the makeup of the nucleus system
and the orientation of its spin (if not zero) relative to that of the incident neutrons. Hence, b is
isotope specific and can take two different values for nuclei with a different spin.[46] For
example, hydrogen has only one proton in its nucleus with a spin = ½. A neutron, with a spin
of ½ as well, interacts with hydrogen where these two fermions are combined to yield a
resultant spin of 1 in three different ways (triplet states) and 0 in only a single way (singlet
state), which are denoted by + and – respectively, and defined as:
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𝑏 + = 1.085 × 10−14 𝑚

(3.20)

𝑏 − = − 4.750 × 10−14 𝑚

(3.21)

So, on average, a hydrogen nucleus (i.e. a proton) has scattering length of
〈𝑏〉 = (3⁄4) 𝑏 + + (1⁄4) 𝑏 − = 0.374 × 10−14 𝑚

(3.22)

With RMS deviation

2
∆𝑏 = √〈(𝑏 − 〈𝑏〉) 〉 = 2.527 × 10−14 𝑚

(3.23)

On the other hand, deuterium, D, which is the heavier isotope of hydrogen, has 1 proton and
1 neutron in the nucleus that results in a spin of 1 and has scattering length of
𝑏 + = 0.953 × 10−14 𝑚

(3.24)

b− = 0.098 × 10−14 m

(3.25)

〈𝑏〉 = (2⁄3) 𝑏 + + (1⁄3) 𝑏 − = 0.668 × 10−14 𝑚

(3.26)

2
with ∆𝑏 = √〈(𝑏 − 〈𝑏〉) 〉 = 0.403 × 10−14 𝑚

(3.27)

Which yields,

Hence, replacing hydrogen with deuterium in a sample and keeping all other
experimental parameters the same can be used to generate contrast in a neutron experiment.
This approach can provide material contrast in the scattering profile without changing the
chemical or electronic environment of the material.
Now, when a nucleus is no longer considered as a point-like scatterer, the
characteristic function, f (λ, θ), is determined by the size, shape as well as the magnetization
of the scatterer, and can be quantified with a quantity called the scattering length density, or
SLD function, F (x, y, z), with SI unit of m-2. For a given system with j atoms where j is
centred on the origin, Fj (x, y, z) with the corresponding fj (λ, θ), the SLD function, F (R) can
be defined for discrete j values of 1, 2, 3….N as:
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𝑁

𝐹 (𝑹) = ∑ 𝐹𝑗 (𝑹 − 𝑹𝑗 )

(3.28)

𝑗=1

Where, Rj = location of the jth atom, which is a function of the coordinate system (x, y, z).
With index of refraction, n being very close to 1, the SLD can be defined as a product of the
number of atoms per unit volume, N and scattering length, b fulfilling the Equation:[47]

𝑛 ≈ 1−

𝜆2
𝑁𝑏
2𝜋

(3.29)

When the reflection is total i.e. αi = αc for which αf = 0, Equation 3.29 can be written in terms
of the law of refraction: cosαi = nsinαf as:

𝑁𝑏
sin 𝛼𝑐 = √
𝜆
𝜋

(3.30)

This Equation with SLD = Nb is directly comparable to the X-ray scattering shown in
Equation 3.6.
An NR experiment takes the advantage of elastic scattering coming from a
succession of layers where Equation 3.2 is used to describe the propagation of a plane wave
within the layer p and a layer p+1 as:
𝑞𝑝2 = 𝑞 2 − 4𝜋𝑁𝑏

(3.31)

2
𝑞𝑝+1
= 𝑞 2 − 4𝜋𝑁𝑏𝑝+1

(3.32)

And the reflectivity, R, can be defined as the ratio of the two amplitudes of the propagating
waves going towards the inner (Ap) and outer (Bp) of the material as:

𝑅=

|𝐵𝑝 |

2

|𝐴𝑝 |

(3.33)

2
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Now, if the neutron beam propagates in vacuum (air) and reflects from an ideal planer surface
(roughness = 0) surface, the reflectivity is called the Fresnel Reflectivity, RF; this can be
obtained by Equation 3.31, 3.32 and 3.33 when considered n = 1 for vacuum (air), yields,
𝐵2
𝑞 − 𝑞𝑠 2
𝑅𝐹 = | | = |
|
𝐴
𝑞 + 𝑞𝑠

(3.34)

Where qs2 =4πNbs represents the scattering from a substrate. Figure 3.15 shows the Fresnel
Reflectivity, RF, from an air/silicon interface as a function of q with SLD = Nbs = 2.07  10-6
Å-2 with critical wave vector, qc. Here, RF  (1/q)4 when q > > qc i.e. far from the critical
angle, meaning that the decay of the reflectivity is very fast irrespective of the surface; hence,
a log-linear (inset, Figure 3.15) or log-log representation is more practical. A so-called
Fresnel representation,[47] where Rq4 is plotted as a function of q, is also used which
compensates the intrinsic q-4 decay of the NR curve and highlights the features coming from
the layers at the interface.

Figure 3.15: Linear-linear and log-linear (inset) representation of, the Fresnel Reflectivity, RF
from air/silicon interface as a function of q with SLD =Nbs = 2.07  10-6 Å-2. Note that qc
separates total reflection (below qc) from partial reflection (above qc) and enables the
measurement of SLD via Equation 3.34. Figure reproduced from ref. 47.
Now, consider a homogeneous layer of thickness d1 with an index of refraction, n1
and SLD = Nb1 covering the surface of the perfectly flat substrate. The substrate is considered
infinite in thickness with respect to that of the probed layer i.e. ds >> d1, with an index of
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refraction ns, and SLD = Nbs. In such a scenario, the neutron beam will reflect from the
material/air (n = 1) interface where d = 0 and also from the substrate/material interface with d
= d1 for q > qc. Hence, the reflectivity curve, in this case, will exhibit interference fringes that
enable the measurement of the layer thickness, d1, with the oscillation of the profile given by
the critical angle corrected Bragg relationship as:
2 − sin 𝛼 2 = 𝑚𝜆
2𝑑1 √sin 𝛼𝑚
𝑐

(3.35)

With m being the order of a particular fringe. These oscillations due to interference are called
Kiessig fringes; Figure 3.16 shows a characteristic NR curve of a nickel layer on a silicon
substrate showing Kiessig fringes with Nbs = 2.07  10-6 Å-2.

Figure 3.16: Reflectivity, R calculated for a 500 Å thick nickel layer with SLD = Nb = 9.40 
10-6 Å-2 on a silicone substrate with SLD = Nbs = 2.07  10-6 Å-2 showing the Kiessig fringes.
Figure reproduced from ref. 47.
However, a practical physical system is not free from (1) surface roughness and (2)
interface diffusion; and as a result, distorted Kiessig fringes are obvious. Figure 3.17 presents
an NR data of P(NDI2OD-T2) film in the q-range = 0.005 to 0.20 Å-1. The film was spincoated on a ~ 1 mm thick and ~ 5 Å rough Si-wafer which also had a native SiO2 layer
(thickness of ~ 15 Å and roughness ~ 3 Å); readers are directed to Chapter 6 for the detail
calculation of these values. From modelling,[48] it is found that for this probed sample, the
P(NDI2OD-T2) film thickness is ~ 177 Å and roughness is ~ 8 Å. Owing to the film
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roughness and interface diffusion at the polymer/air and SiO2/polymer interfaces, the Keissig
fringes in Figure 3.17 attenuates faster than that presented in Figure 3.16. Moreover, two
different layers of films i.e. SiO2 and P(NDI2OD-T2), having two different SLD values were
found. For comparison, a simulated profile of only one-layer model of P(NDI2OD-T2) is
shown in red (without SiO2 layer). Clearly, the fringes smear more than the fit (black line),
confirming further that the two-layer model improves the fit. Readers are directed to Section,
6.4 and 6.5 (Chapter 6) for the through discussions on the NR experiments and data
acquisition as well as on the fitting, simulation and data analysis.

Figure 3.17: NR profile of a P(NDI2OD-T2) film, showing the Keissig fringes. Acquired data
are shown by the green circles (with red error bars), a modelled fitting is shown by the black
line and a theoretical profile of only one layer of P(NDI2OD-T2) is shown by the red line.
The NR data was acquired at the ‘Platypus’ reflectometer, Australian Centre for Neutron
Scattering, Australian Neutron Facility (ANSTO), NSW, Australia.
3.3.3.2.2 Experimental Setup
Neutron Reflectometry (NR): NR experiment was performed at the time-of-flight
neutron reflectometer of ‘Platypus’ and a cold neutron spectrum (2.8 Å < λ < 18.0 Å) at the
OPAL 20 MW research reactor, Australian Centre for Neutron Scattering, Australian
Neutron, Australian Nuclear Science and Technology Organisation (ANSTO), NSW,
Australia.[49-51] A disk chopper system (EADS Astrium GmbH) was used in the resolution
mode of 4 % to generate 20 Hz neutron pulses. The signal was recorded on a 2D helium-3
neutron detector (Denex GmbH). Reflected beam spectra were collected at 0.7 for 20 min
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(0.27 mm slits) and 2.5 for 110 min (0.95 mm slits). The same collimation conditions were
ensured when the direct beam measurements were collected. The event mode data collection
(where the time of flight, x and y position and frame number time are recorded for each
neutron) was employed to acquire NR data, and re-binned to 5 min time windows for
analysis. Note that although the data were collected and analysed in the q-range = 0.005 to
0.25 Å-1, this thesis presents the graph in the range of 0.005 to 0.20 Å-1 only; readers are
directed to Section 6.5.3 for the details.
3.3.3.2.3 Data Analysis
The IgorPro-based Motofit reflectometry analysis program[48] was used for the NR
and data analysis. Motofit utilises the contrast variation technique in multiple-contrast NR (as
well as X-ray reflectometry) experiments to highlight scattering from different structural
components. In doing so, a slab model approach is utilised in conjugation with the Abeles
matrix method,[52] and performs nonlinear least-squares regression on the experimental
reflectivity curves considering the extensions for surface roughness. Accordingly, the data
were analysed with the least squares analysis, with ±1 standard deviation on fitted parameters
is used to provide estimates for error values.
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4.2 Abstract
The charge transport and microstructural properties of 5 different molecular weight
(MW) batches of the naphthalene diimide-thiophene copolymer P(NDI2OD-T2) are
investigated. In particular, the field-effect transistor (FET) performance and thin-film
microstructure of samples with MW varying from Mn = 10 kDa to Mn = 41 kDa are studied.
Unlike conventional semiconducting polymers such as poly(3-hexylthiophene) where FET
mobility dramatically drops with decreasing molecular weight, the FET mobility of
P(NDI2OD-T2)-based transistors is found to increase with decreasing MW. Using a
combination of grazing-incidence wide-angle X-ray scattering (GIWAXS), near-edge X-ray
absorption fine structure (NEXAFS) spectroscopy, atomic force microscopy (AFM) and
resonant soft X-ray scattering (R-SoXS), the increase in FET mobility with decreasing MW is
attributed to the pronounced increase in the orientational correlation length (OCL) with
decreasing MW. In particular, the OCL is observed to systematically increase from < 100 nm
for the highest MW samples to ~ 1 µm for the lowest MW samples. The improvement in
OCL and hence mobility for low MW samples is attributed to the lack of aggregation of low
MW chains in solution promoting backbone ordering, with the pre-aggregation of chains in
dichlorobenzene found to suppress longer-range liquid crystalline order.
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4.3 Introduction
As introduced in Chapter 2, the polymer P(NDI2OD-T2) (a co-polymer of
naphthalene diimide (NDI) and bithiophene (T2) units) is a modern high-performance
donor/acceptor co-polymer. Since it’s the report by Yan et al. in 2009,[1]. extensive research
has been undertaken on this system with a top gate OFET mobility as high as 5 cm2/Vs,
reported, realised through polymer chain alignment.[2] Such research has focused on a wide
range of aspects to understand charge transport phenomena in P(NDI2OD-T2) and similar
NDI/thiophene-based donor/acceptor systems. Specific aspects examined include thin-film
microstructure,[3-6] the tuning of donor and/or acceptor units,[6-8] side-chain engineering,[9, 10]
chain aggregation behaviour in solution,[11,

12]

processing parameters,[13] annealing

conditions,[14, 15] high/low-k dielectrics,[16] ambipolarity[17, 18] as well as contact resistance.[19]
However, there have been few studies devoted to systematically studying the effect
of molecular weight (MW) on the charge transport and thin film microstructure of
P(NDI2OD-T2),[20, 21] mostly owing to the difficulties involved in synthesising controlled
MW batches in high-yield. MW is an important parameter of any polymer system which is
known to have a profound effect on optoelectronic properties.[22, 23] While Yan et al. reported
mobility data from several different polymer batches of P(NDI2OD-T2), only batches with
molecular weights of over MW = 100 kDa were used with a little systematic variation of
OFET mobility with MW observed.[2] Noriega et al. reported mobility vs. molecular weight
data for P(NDI2OD-T2) amongst other systems, correlating charge transport with the
disorder; however, only molecular weights of over Mn = 50 kDa were studied with little
details on molecular weight distribution.[24] Recently, Karpov et al. studied three different
batches of P(NDI2OD-T2) with molecular weights of 23 kDa, 72 kDa, and 250 kDa finding
that the lowest molecular weight batch had a higher OFET mobility than the high molecular
weight batch; however, the authors did not specify if these MW numbers represented number
average or weight average values. Hence, while MW-dependent charge transport effects have
been systematically investigated for other polymers such as poly(3-hexylthiophene)
(P3HT)[23,

25, 26]

and diketopyrrolopyrrole (DPP)-based co-polymers,[27,

28]

there remains a

need for a comprehensive study to understand the relationship between the MW, OFET
charge transport and thin film microstructure of P(NDI2OD-T2).
Recently, Matsidik et al. reported an efficient direct arylation polycondensation
(DAP) route for the synthesis of P(NDI2OD-T2) that now affords unprecedented control of
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molar mass, enabling the opportunity to systematically study the influence of molar mass on
charge transport and microstructure formation[29].Taking advantage of this development, this
chapter investigates the thin film microstructure and OFET charge transport behaviour of five
batches of P(NDI2OD-T2) with number average molecular weights of Mn = 10 kDa, 17 kDa,
30 kDa, 35 kDa and 41 kDa. When processed from 1,2-dichlorobenzene, a systematic
increase in OFET mobility with decreasing molecular weight is observed. This observation is
attributed to the higher orientational correlation lengths (OCLs) of films of lower molecular
weight P(NDI2OD-T2) which result from the non-aggregated nature of low MW chains in a
solution that promotes the correlated liquid crystalline packing of chains during film
deposition.

4.4 Methodology
4.4.1 Materials
The properties of the 5 batches of P(NDI2OD-T2) used in this study are summarised
in Table 4.1. Four batches were synthesised using the previously reported DAP approach[29]
while a fifth batch (Mn = 41 kDa) was sourced commercially from Polyera Corporation.
Relative molecular weights from Mn = 10 kDa to 41 kDa were thus employed, spanning an
absolute degree of polymerization DPn, NMR of ~ 7 to 20 repeat units. Relative and absolute
molecular weights were obtained from size exclusion chromatography (SEC) in chloroform
and NMR end group analysis, respectively (see ref. 29 for details). While usage of relative
Mn, SEC values enables comparison with the commercial 41 kDa batch, absolute values should
be used when discussing and using degrees of polymerization (Table 1). In order to allow for
comparison also with other materials used in the literature, this thesis chapter reports relative
values throughout. However, the stiff nature of the chains, as well as MW-dependent
aggregation, causes different degrees of overestimation of SEC values as seen in Table 4.1.
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Table 4.1: Properties of different MW batches of P(NDI2OD-T2) reported in this chapter.
Mn, SEC

Mw,SEC

[kDa]

[kDa]

Ða)

Mn,NMR
[kDa]

Degree of
Polymerisation
(DPn)b)

Tm

Hm

[C]

[J g-1]

10

14

1.40

6.9

7.0

251

22.9

17

38

2.23

13.5

13.6

303

19.9

30

91

3.03

18.1

18.3

309

16.3

35

124

3.50

19.6

19.9

310

16.4

41c)

123

3.00

--

304

14.3

a)

from size exclusion chromatography in chloroform,
Batch #CZH-XIV-65-22

b)

from Mn, NMR, c)Polyera Active ink

The thermal properties of the materials were characterised with differential scanning
calorimetry (see Figure 4.1) with the melting temperatures (Tm) and transition melting
enthalpy (Hm) recorded in Table 4.1. In general, the melting temperature increases with
increasing MW, while the Hm decreases with increasing MW consistent with what may be
expected for semicrystalline polymers. Increased chain folding and/or entanglements with
increased MW result in a higher melting temperature, with longer chains also hindering
crystallisation. Curiously, the melting temperature of the commercial batch (Mn = 41 kDa)
does not fit the MW trend which may be related to the different synthetic protocols
employed.
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Figure 4.1: Differential Scanning Calorimetry (DSC) plots of different MW batches of
P(NDI2OD-T2) reported in this study.
4.4.2 OFET Fabrication and Characterisation
OFET Fabrication: Top-gate bottom-contact (TGBC) OFETs were fabricated to
characterise charge transport behaviour with channel lengths of either L = 5, 10 and 20 µm
with a fixed channel width of W = 10 mm by spin coating and annealing a thin layer of PEIE,
[30]

and then a layer of P(NDI2OD-T2) (at 2,000 rpm) from 9 g/L DCB solutions at room

temperature. P(NDI2OD-T2) layers were annealed at 110 C before deposition of CYTOP as
the gate dielectric. Devices were then completed by thermal evaporation of a 40 nm thick
aluminium gate electrode through a shadow mask to give a Si/SiO2/Au/PEIE/P(NDITODT2)/CYTOP/Al structure, see Figure 4.8 for a schematic. Full details of the fabrication
processes are presented in Section 3.3.1.1 of Chapter 3.
Characterisation: Saturation mobility µsat, the threshold voltage Vth and Ion/off ratio
values were extracted from transfer curves taken with a drain voltage of VD = 60 V from
Equation 3.6, and are tabulated in Table 4.2. Since the variation in mobility values for a given
MW and channel length is significant compared to the changes in average mobility values,
one-way and two-way statistical analysis of variance (ANOVA) were performed to assess
whether the observed trends are statistically significant.
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ANOVA analysis: ~ 300 mobility values extracted transistors with different
combinations of channel length and MW were tested for Normality by the Anderson-Darling
method see Figure A.1 of Appendix A: Analysis of Variance, ANOVA. After confirming that
the data sets are normally distributed, one-way and two-way ANOVA analyses were
performed in Microsoft Excel using QI Macros software via the Tukey-Kramer method. 15
mobility sets, extracted from 5 MW samples with 3 channel lengths, i.e. a total of 300 FET
mobility measurements were included in the analyses to minimise Type II error. First,
Anderson-Darling test was performed for all the 15 data sets to check Normality Distribution
of the extracted mobility and it was found that 11 data sets were normally distributed at a
significance level, α = 0.05 and 4 data sets were normally distributed at α = 0.01. For oneway (single factor) ANOVA analysis, a Null Hypothesis, “for a given channel length, mean
FET mobilities are equal for all MW samples” was tested against the P-value for all 3 channel
lengths with a significance level, α = 0.05 (i.e. Type I error is 5 %). For an example with the
channel length, L = 20 µm, see Table A.1 of Appendix A: Analysis of Variance, ANOVA.
Similarly, for one-way ANOVA examining the influence of channel length for a given MW,
the Null Hypothesis, “for a given MW, mean FET mobilities are equal for all channel
lengths” was tested. For two-way (two factor) ANOVA analysis, 3 Null Hypotheses: (1) “No
significant difference between mobilities of different MW samples”, (2) “No significant
difference between mobilities extracted from various L” and (3) “No significant interaction
between mobilities of different MW samples and various L” were tested against the P-values
with the same significance level, see Table A.2 of Appendix A: Analysis of Variance,
ANOVA. For both the analyses, we found P-values < < α, meaning that the Null Hypotheses
were rejected with 95 % confidence.

4.5 Results and Discussions
4.5.1 Chain Aggregation in Solution
Figure 4.2 presents the room temperature UV-Vis absorption spectra of the different
MW batches of P(NDI2OD-T2) in dilute (0.01 mg mL-1) 1,2-dichlorobenzene (DCB)
solutions. DCB is a tolerably-good solvent for P(NDI2OD-T2) being intermediate to highly
polarizable solvents such as chloronaphthalene – that completely suppress aggregation in
solution – and non-polar solvents such as toluene that promote the strong aggregation of
P(NDI2OD-T2) chains in solution.[5]
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Figure 4.2: Optical absorption spectra of the different MW batches of P(NDI2OD-T2) in
dilute DCB.
From Figure 4.2, it is seen that the UV-Vis absorption spectra of all five samples are
characterised by a π–π* band with a peak at ~ 390 nm and a lower energy band between 500
nm and 800 nm associated with charge-transfer (CT) excitation.[5] With increasing MW, there
is a subtle yet systematic redshift of ~ 0.14 eV of the π–π* peak along with a more dramatic
change in the absorption profile of the CT band with a low energy shoulder appearing at
around 710 nm characteristic of aggregate absorption.[5] Matsidik et al. have previously
shown that for different MW samples in non-aggregating chloronaphthalene, MW-dependent
changes in the absorption spectrum occur only for values of Mn less than 10 kDa;[29]
therefore, the changes that seen in the absorption spectra of the different MW batches in DCB
can be ascribed to MW-dependent aggregation behaviour. Specifically, the lowest MW
sample (10 kDa) shows no absorption strength at 710 nm indicating that chains from this
batch are completely non-aggregated with an open-chain conformation. With increasing MW,
a systematic increase in the strength of the aggregate absorption at 710 nm is evident,
indicating a systematic increase in the coiling and aggregation of polymer chains.[5] For Mn =
41 kDa, a pronounced shoulder at 710 nm is observed with this batch exhibiting the most
self-aggregated, cluster-like chain conformation.
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4.5.2 OFET Performance
Figure 4.3 shows a series of characteristic OFET output and transfer curves from L=
20 μm transistors representative of the respective MW samples. Similar data sets for the other
two channel lengths, L= 10 μm and 5 μm are presented in Figure B.1 and B.2 of Appendix B:
OFET Data. All curves presented in Figures 4.3, B.1 and B.2 show both forward and
backwards voltage sweeps showing almost no hysteresis. Furthermore, the plots of the square
root of drain current (ID½) vs. gate voltage (VG) are perfectly linear in the saturation regime
enabling a clean determination of saturation mobility (µsat) with an absence of gate voltage
dependent effects.
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Figure 4.3: Transfer (left) and output (right) characteristics of OFETs based on different MW
batches of P(NDI2OD-T2) with L = 20 μm.

124

|| Effect of Molecular Weight on the Transistor Performance and Thin-Film Microstructure of P(NDI2OD-T2) ||

The saturation mobility µsat, the threshold voltage Vth and Ion/off ratio values extracted
from the transfer curves are shown in Figure 4.3, B.1 and B.2, and Table 4.2 summarises
these data averaged over 20 devices for each channel length and each MW.
Table 4.2: TGBC OFET data for different molecular weights of P(NDI2OD-T2).
Mn

L

µea)

Vth

[kDa]

[µm]

[cm2 V-1s-1]

[V]

20

0.26  0.07

8.7  0.5

105

10

0.30  0.06

7.1  0.5

105

5

0.26  0.06

4.5  1.2

105

20

0.21  0.02

6.3  0.5

103 - 104

10

0.20  0.04

5.1  0.6

103 - 104

5

0.21  0.04

1.9  1.5

103 - 104

20

0.20  0.02

6.2  0.7

103 - 104

10

0.21  0.04

5.1  0.6

103 - 104

5

0.23  0.05

7.9  0.4

103 - 104

20

0.19  0.03

4.9  0.6

103 - 104

10

0.20  0.0.

3.7  0.5

103 - 104

5

0.26  0.06

1.7  0.8

103 - 104

20

0.15  0.02

2.4  0.5

103

10

0.17  0.02

2.5  0.8

103

5

0.22  0.04

0.0  1.8

103

10

17

30

35

41

Ion/Ioff

a)

Mobilities were calculated for the drain voltage of VD = 60 V over the gate voltage (VG)
range of 35 V to 55 V and averaged for more than 20 OFET devices for each channel length.
Figure 4.4 presents box plots of µsat as a function of MW and channel length, L.
Here, each box-plot presents the mean (solid star), maximum/minimum values (crosses), 5th
and 95th percentiles (whiskers), interquartile range (box) and median (line in the middle of the
box). For the L = 20 µm transistors, there is a clear trend of decreasing µsat with increasing
MW. In particular, the average mobility decreases from 0.26 ± 0.06 cm2 V-1 s-1 for the 10
kDa sample to 0.15 ± 0.02 cm2 V-1s-1 for 41 kDa sample. The L = 10 µm transistors also
exhibit a systematic decrease in average mobility with increasing MW (µsat decreases from
0.30  0.06 cm2 V-1 s-1 to 0.17  0.02 cm2 V-1 s-1) while such a trend is not apparent for the L
= 5 µm transistors. From the one-way ANOVA, the decrease in mobility with increasing MW
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was found to be significant within the statistical significance level (α) of 0.05 (i.e. 95 %
confidence) for the L = 20 µm and L = 10 µm transistors but not significant for the L = 5 µm
transistors. Interestingly for the L = 5 µm transistors, the mobilities for all MW samples are ~
0.25 cm2 V-1s-1, consistent with the average mobility of the lowest MW L = 5 µm transistors.
This observation suggests that charge transport is being limited by domain boundaries, with
the low MW films having larger domains and the high MW films having smaller domains. It
is important to note that while higher absolute mobility values have been reported for
P(NDI2OD-T2), the range of values reported here are entirely consistent with previous data
of spin-coated samples from DCB with CYTOP as dielectric,[2] with the devices discussed
here exhibiting reliable transfer characteristics (see Figure 4.3, B.1 and B.2).
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Figure 4.4: Boxplots of mobility vs. molecular weight for the different MW batches of
P(NDI2OD-T2) studied in this chapter.
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As well as a correlation between µsat and MW, there is also a statistically significant
correlation between µsat and L for the lower MW samples. As shown in the plots of Figure
4.5, for the 41 kDa sample there is a clear and significant decrease in µsat with decreasing
channel length (µsat decreases from 0.22  0.04 cm2 V-1 s-1 to 0.15  0.02 cm2 V-1 s-1 going
from L = 5 µm to L = 20 µm) while for the 10 kDa sample the average mobility is consistent
at µsat = 0.28  0.02 cm2 V-1 s-1 across the different channel lengths. One-way ANOVA
analysis confirms that the variation in µsat with L are significant for the L = 41 kDa, 35 kDa
and 30 kDa samples but not for the two lower MW samples. Two-way ANOVA was also
performed considering the full MW and channel length data set, which confirmed that when
considering both MW and channel length that mobility is indeed negatively correlated with
MW and L. The observation that µsat increases with decreasing L are unusual in itself as the
apparent mobility is often observed to increase with channel length due to contact resistance
effects.[31] The fact that µsat is observed to increase with decreasing L is consistent with µsat
not being limited by contact resistance.
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Figure 4.5: Boxplots of mobility vs. channel length t for the different MW batches of
P(NDI2OD-T2) studied in this chapter.
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4.5.3 Thin Film Microstructure
4.5.3.1 GIWAXS
Grazing-incidence wide-angle X-ray scattering (GIWAXS) has been used to probe
the thin-film microstructure of the P(NDI2OD-T2) films. Figure 4.6 presents the twodimensional GIWAXS images along with one-dimensional scattering profiles averaged about
the in-plane and out-of-plane scattering directions (sectors of width  15 centred about the
QXY and QZ axes respectively). In addition to the 1st order and 2nd order in-plane alkyl
stacking peaks at ~ 2.45 nm-1 and ~ 5.2 nm-1 respectively, all samples (Figure 4.6 (a) – (e))
show an out-of-plane π-π stacking peak at 0.395 nm-1. The observation of in-plane alkyl
stacking and out-of-plane π-π stacking peaks indicates that in all samples the crystallites are
predominantly packing face-on to the substrate. The degree of edge-on vs. face-on packing
was parameterized using Herman’s Orientational Parameter, S,[32] shown in Equation 3.15,
which considers the azimuthal dependence of the scattering intensity, I(), of the first order
alkyl stacking peak (Figure 4.6 (h)). From Figure 4.6 (h) there is a systematic increase in S
from S = -0.43 for the highest (41 kDa) MW sample to S = -0.25 for the lowest (10 kDa) MW
sample, consistent with previous observations of a preference for lower molecular weight
samples to orient more edge-on.[33, 34] Also, this change in crystalline ordering from more
face-on for higher MW samples towards more edge-on for lower MW samples shows a
positive correlation with the OFET results presented in the previous Section 4.5.2.
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Figure 4.6: (a) – (e) Two-dimensional GIWAXS images of thin films of the different MW
P(NDI2OD-T2) samples. (f) In-plane and (g) out-of-plane one-dimensional scattering profiles
were taken along QXY and QZ respectively. (h) The plot of Herman’s S parameter as a
function of MW.
As well as alkyl stacking and π-π stacking peaks, all samples exhibit prominent
backbone stacking peaks along QXY indicating the coherent, in-plane ordering of polymer
backbones. Up to four orders of (00l) peaks can be seen, with peaks observed at ~ 4.5, 9, 13.5
and 18 nm-1 (Figure 4.6 (f)). Table 4.3 summarises the crystallographic parameters of the key
peaks obtained via peak fitting of the in-plane and out-of-plane line profiles shown in Figure
4.6 (f, g). In general, similar d-spacings for the alkyl stacking, backbone and π-π stacking
peaks are found for each MW sample, consistent with previous reports.[14] Across the
different MW samples, similar coherence lengths are also observed, albeit with some
variations although no systematic changes with MW are apparent. While the fitted peak areas
are provided in Table 4.3, these cannot easily be used for comparing the degree of
crystallinity of the different samples with peak intensity sensitive to beam footprint, film
thickness and sample alignment with respect to the beam.
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Table 4.3: Details of the crystallographic parameters of key peaks obtained via peak fitting of
the in-plane and out-of-plane one-dimensional GIWAXS scattering profiles, Figure 4.6 (f, g).
Peak

In-plane
(100)

In-plane
(001)

Out-of-plane
(010)

Mn

d-spacing

Coherence Length

Peak Area

[kDa]

[nm]

[nm]

[A.U.]

10

2.42

20.8  0.5

1050  40

17

2.46

25.8  0.5

1820  40

30

2.47

24.3  0.4

2520  60

35

2.48

21.8  0.4

3740  80

41

2.48

21.4  0.5

4500  120

10

1.38

16.2  0.2

99  3

17

1.38

19.8  0.3

151  4

30

1.37

21.7  0.3

119  3

35

1.37

21.7  0.2

193  4

41

1.37

20.4  0.2

165  4

10

0.41

1.55  0.06

1450  140

17

0.40

2.04  0.05

1220  60

30

0.40

1.87  0.07

1560  140

35

0.40

2.0  0.1

1870  350

41

0.40

1.81  0.05

2130  240

4.5.3.2 NEXAFS Spectroscopy
Critically important to the operation of top-gate OFETs is the microstructure at the
polymer/dielectric interface since charge transport occurs through the thin accumulation layer
localised to within a few nm of this interface.[35] Surface-sensitive near-edge X-ray
absorption fine structure (NEXAFS) spectroscopy has thus been employed to study molecular
orientation at the top surface of the P(NDI2OD-T2) films; Figure 4.7 presents angle
dependent TEY NEXAFS spectra at the top surfaces of five MW samples.
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Figure 4.7: TEY NEXAFS spectra for 5 MW batches of P(NDI2OD-T2) probed at the top
interface of spin coated films; average tilt angle of the backbone, < > as a function of
molecular weight is also shown for both the PEY and TEY spectra.
By measuring NEXAFS spectra as a function of X-ray angle of incidence, the
average tilt of the conjugated backbone with respect to the sample normal are deduced,

[36]

see experimental Section 3.3.2.3 for details. Table 4.4 presents the average tilt angle of the
backbone based on the dichroism of carbon 1s to * transitions (Figure 4.7). Results from
both partial electron yield (PEY) and total electron yield (TEY) are presented, with PEY
acquisition having a surface sensitivity of < 3 nm and TEY surface sensitivity of ~ 3 nm.
133

|| Effect of Molecular Weight on the Transistor Performance and Thin-Film Microstructure of P(NDI2OD-T2) ||

Average tilt angles of < > ~ 57 (PEY) and < > ~ 54 (TEY) for the tilting of the carbon 1s
to * transition dipole moment are found,[37] consistent with a predominant edge-on
orientation of chains at the top surface. (Perfectly edge-on backbones would have a value of <

> = 90 while perfectly face-on backbones would have a value of < > = 0.) Note that, in an
angle-resolved NEXAFS spectroscopy experiment, the so-called ‘magic angle’, which is
54.7, represents a completely disordered dipole orientation of the probed moieties. Due to
the geometry of the experiment with respect to the polarised electric field vector of the
incident X-rays, the measured dichroism associated with the C1s→π* transition dipole
moments (TDMs) in the π*-manifold may give an average tilt angle of the polymer
backbones close to 54.7. At this ‘magic angle’, it becomes ambiguous whether the resulted
tilt average angle is what actually the average backbone orientation or it is due to a
completely disordered dipole orientation. Schuettfort et al.[38] thoroughly investigated the
molecular orientation of P(NDI2OD-T2) thin films showing that average tilt angles close to
the ‘magic angle’ are indeed associated with an edge-on orientation of backbones rather than
a random orientation. The observation of edge-on orienting chains at the top surface of a
face-on orienting bulk has also been noticed before and is characteristic of P(NDI2OD-T2)
thin films.[38] Interestingly, while GIWAXS shows a systematic change in bulk packing to
becoming more edge-on with decreasing MW, there is little variation in average tilt angle
with MW deduced from NEXAFS spectroscopy. Thus, the molecular orientation (backbone
tilt) at the surface which is critical for charge transport in top-gate OFETs is found essentially
the same for all samples.
Table 4.4: Average tilt angles of the Carbon 1s to * transition dipole moment determined
from angle-resolved NEXAFS spectroscopy.
Mn

< >

[kDa]

[]
PEYa)

TEYb)

10

57.3  0.5

54.2  0.3

17

58.3  0.4

55.0  0.4

30

56.8  0.5

53.4  0.3

35

55.9  0.4

54.3  0.3

41

57.8  0.7

53.7  0.3

Partial Electron Yield, sensitive to the first 1 – 3 nm of the film;
sensitive to the first 3 – 5 nm of the film[36, 39]
a)
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4.5.3.3 AFM
Figure 4.8 shows the Atomic Force Microscopy (AFM) height images (2 μm  2
μm) of the different MW P(NDI2OD-T2) films. All samples show a fibrillar microstructure at
the surface consistent with previous studies,[9, 12, 38, 40, 41] with the highest MW sample (41
kDa, Figure 4.8 (e)), for example, showing clustered 10–30 nm wide fibrils. With decreasing
MW, there is a systematic increase in the degree of orientational correlation of the fibrils.
(Here the orientation of the fibrils refers to the direction of the long axis of the fibrils in the
plane of the film.) For the 41 kDa sample, there is a little long-range correlation in the
orientation of the fibrils at the surface in contrast to the 10 kDa sample that exhibits liquid
crystalline-like long-range orientational ordering of fibrils. The intermediary MW samples
exhibit a gradual increase in the correlated orientation of fibrils. The insets to the AFM
images of Figure 4.8 show the calculated Fast Fourier Transformed Autocorrelation (FFTAC) images that qualitatively display the preferential alignments of the fibrils. As evident
from these FFT-AC images, the highest MW sample displays a radially uniform distribution
of the fibrils indicating no preferential orientation of the long axis of the fibrils when
averaged over the 2 μm  2 μm image. That is, while there is the shorter range correlated
ordering of adjacent fibrils, any correlation in the orientation of fibrils averages to zero when
averaging over the full 2 μm  2 μm image. In contrast, the lower MW samples and
particularly the 10 kDa sample exhibit anisotropic FFT-AC images confirming that within the
AFM images of the lower MW samples, there are certain fibril orientations that are more
likely than others. That is, the average directionality of fibril orienting is preserved over
distances comparable to the size of the AFM image, with the long axis of fibrils in the 10 kDa
image on average pointing from bottom left to top right.
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Figure 4.8: 2 μm  2 μm AFM images for the top surfaces of the (a) 10 kDa, (b) 17 kDa, (c)
30 kDa, (d) 35 kDa and(e) 41 kDa films. Insets show the Fast Fourier Transformed
Autocorrelation (FFT-AC) images of the samples.
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4.5.3.4 R-SoXS
To better assess the length scale of orientationally correlated ordering, Resonant Soft
X-ray Scattering (R-SoXS) measurements have been performed at the carbon K-edge having
a sensitivity to variations in local bond orientation, see experimental Section 3.3.2.4 for
details.[42-44] With an X-ray beam size of ~ 200 µm that averages the size of orientationally
correlated domains, R-SoXS provides information that is more representative of the sample
as a whole as compared to AFM which just images a small region of the sample. Figure 4.9
shows the R-SoXS scattering patterns taken at energies of 285.4 eV where scattering occurs
from different orientationally correlated domains and 270 eV where no resonant interaction
occurs between the sample and the beam with scattering being due to materials/vacuum
contrast only. Also, it should be noted that the length orders probed by R-SoXS in not the
same as the correlation length probed by GIWAXS which is sensitive to crystalline order
only; R-SoXS, in contrast, is sensitive to the optical constants of the material and is better
suited for probing liquid crystalline order.

Figure 4.9: Lorentz-corrected R-SoXS scattering profiles of different MW P(NDI2OD-T2)
thin films. Solid lines correspond to resonant scattering taken at an energy of 285.4 eV while
the dotted lines correspond to non-resonant scattering taken at an energy of 270 eV.
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The resonant scattering profiles of the different MW samples in Figure 4.9 show
different peak positions indicating that the different samples possess orientationally
correlated domains with different characteristic size. Significantly, there is a systematic shift
in the peak position with MW indicating systematic changes in domain size with changing
MW. The 41 kDa sample exhibits a peak at ~ 0.027 nm-1 corresponding to a domain size of ~
90 to 100 nm. That is, in the 41 kDa sample there is the correlated ordering of the polymer
backbone extending on average over ~ 100 nm. The 35 kDa sample exhibits a peak at ~ 0.016
nm-1 corresponding to an orientational correlation length (OCL) of 150 to 200 nm. Similarly,
the 30 kDa and 17 kDa samples show peaks at ~ 0.011 nm-1 and ~ 0.008 nm-1 corresponding
to OCLs of ~ 200 – 300 nm and ~ 500 – 700 nm respectively. Here, no data is shown for the
10 kDa sample due to difficulties in floating off a continuous film required for transfer to a
silicon nitride membrane as the film thickness is in the order of 10-15 nm only (not to
mention the short chain length of the sample). However, with a decrease in MW from 41 kDa
to 17 kDa there is a dramatic increase in the OCL of < 100 nm to > 500 nm and an even
larger OCL is expected for the 10 kDa sample implying an OCL of the order of microns
consistent with correlated ordering extending over the size of the 2 µm by 2 µm AFM image
of Figure 4.8 (a). Such a large OCL is also becoming significant with respect to the channel
lengths used for OFET investigations.
4.5.4 Discussion
The key experimental observations on the charge transport performance and
microstructure of the five different MW P(NDI2OD-T2) samples can be summarised as
follows:
1. Low MW chains show no aggregation in DCB while higher MW chains
exhibit significant aggregation.
2. The saturation mobility of top-gate P(NDI2OD-T2) OFETs increases with
decreasing MW.
3. For low MW batches, the measured FET mobility does not appreciably change
with channel length decreasing from L = 20 µm to 5 µm while the FET
mobility of higher MW batch increases with decreasing channel length.
4. The different MW thin films show similar crystalline microstructures as
revealed by GIWAXS.
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5. NEXAFS measurements indicate that the different MW thin films show
similar edge-on molecular orientation at the polymer/dielectric interface.
6. Both AFM and R-SoXS measurements indicate increased orientationally
correlated ordering of polymer backbones with an order of magnitude increase
in the OCL going from the highest MW sample to the lowest MW sample.
Hence, the increase in mobility with decreasing MW is linked to the increase in OCL that
promotes backbone connectivity and reduces the number of domain boundaries encountered
by charges when transiting the channel. The lack of a strong MW effect for the L = 5 µm
transistors indicates that for all samples, the OCL is sufficiently large to mitigate effects due
to domain boundaries. Although the OCL for the highest MW sample is ~ 200 nm which is
still much lower than the channel length of L = 5 µm, it is likely that percolation pathways of
interconnected domains with favourable domain boundaries can still be established. This
conclusion that mobility is strongly determined by liquid crystalline domain size is consistent
with a previous study correlating FET mobility with OCL in PBTTT-based transistors.[45] In
this previous work, the increase in FET mobility with annealing was correlated with the
increase in OCL observed by R-SoXS.[45]
The fact that the FET mobility of P(NDI2OD-T2) thin films increases with
decreasing MW also suggests a different mode of microstructure formation compared to
P3HT-based thin films where FET mobility precipitously drops with decreasing MW. For the
case of low MW P3HT, chains tend to pack in highly ordered crystallites with poor
interconnectivity. For the case of low MW P(ND2OD-T2) chains, the orientationally
correlated ordering of polymer backbones is promoted during film formation suggesting that
liquid crystalline ordering proceeds before crystalline ordering. The nature of chain packing
also seems to be related to the aggregated nature of polymer chains, with low MW
P(NDI2OD-T2) chains being initially non-aggregated in solution compared to higher MW
samples that exhibit the pre-aggregation of polymer chains. The difference in microstructure
formation between P3HT and P(NDI2OD-T2) is an important point to consider since a higher
crystallinity for lower MW samples alone (as posited by Karpov et al.[20]) cannot explain the
higher mobility of lower MW P(NDI2OD-T2) samples since highly crystalline low MW
P3HT samples exhibit very low FET mobilities. The importance of crystallinity in conjugated
polymers in enabling high mobilities is becoming increasingly under question, with high
mobilities achievable without long-range π-stacking or alkyl-stacking order provided that the
polymer chains are sufficiently extended and interconnected.[46]
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On the relation between OCL and solution aggregation this result at first may seem
at odds with recent reports where high degrees of pre-aggregation in solution have been
associated with high FET mobilities and high degrees of correlated long range order. In
particular Luzio et al.[12] found that when using toluene as casting solvent that causes a strong
pre-aggregation of P(NDI2OD-T2) chains, highly extended orientationally-correlated
domains were formed facilitating mobilities of greater than 1 cm2 V-1s-1. Furthermore Bucella
et al.[47] have reported that the use of a pre-aggregating solvent is critical for enabling
polymer chain alignment with the bar coating technique facilitating mobilities of up to 6 cm2 1 -1

s

in aligned P(NDI2OD-T2) films. These apparently contrasting observations are

reconciled by noting that the nature of aggregation in DCB which is a ‘tolerably-good’
solvent is different to that in toluene which acts as a poor solvent.[5] Indeed, from
spectroscopy experiments Steyrleuthner et al.[5] have inferred the existence of two distinct
aggregate species depending upon the quality of the solvent. An intermediate aggregate
(“aggregate I”) was observed to form in solvents of intermediate quality (between good and
poor) with chains having a relatively extended conformation with self-aggregation limited to
stacking of dimers. In poor solvents such as toluene a less extended conformation forms
(“aggregate II”) characterised by the close packing of multiple, aggregated chain segments.
Hence, from the results of this chapter, it is hypothesised that high MW chains form this
intermediate aggregated state (aggregate I) in DCB which does not facilitate the correlated
ordering of backbones during film deposition. The lack of pre-aggregation in low MW DCB
solutions however enables individual chains to adopt fully extended conformations promoting
orientational correlation with other chains during film deposition and hence promoting
extended OCLs. In contrast, in poor solvents such as toluene P(NDI2OD-T2) chains form
collapsed aggregates (aggregate II) with the pre-formed packing of polymer chains promoting
backbone alignment and liquid crystalline ordering during film deposition. Thus, the nature
of pre-aggregation is important for long-range ordering, and a lack of aggregation can
actually be beneficial in promoting extended backbone ordering.[5]
To further test this hypothesis, transistors were prepared using p-xylene as the
solvent rather than DCB, see Figure 4.10 (right). Like toluene, p-xylene is a poor solvent for
P(NDI2OD-T2) due to its non-polar nature resulting in the formation of type II aggregates in
solution, see Figure 4.10 (left).
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Figure 4.10: (Left) Optical absorption spectra of the different MW batches of P(NDI2OD-T2)
in dilute p-xylene, and (right) saturation mobilities of transistors with L = 20 µm fabricated
using the same batch of MW samples of P(NDI2OD-T2) using p-xylene as solvent (box
charts reflect data from 8 devices).
Figure 4.10 presents the saturation mobility of 20 µm channel length transistors
prepared using p-xylene as the solvent as a function of polymer MW. Here, a strong increase
in mobility with MW is observed, different to the behaviour observed when using DCB as the
solvent. UV-Vis measurements reveal that the nature of aggregation in p-xylene varies with
MW, with the higher MW samples exhibiting significantly red-shifted absorption
characteristic of type II aggregation. The 10 kDa sample exhibits a UV-Vis absorption profile
in a p-xylene solution similar to the 41 kDa sample in DCB suggesting type I aggregation.
Thus for the case of p-xylene, the MW-mobility trends are reversed: The higher MW samples
form type II aggregates in solution which promotes the correlated packing of polymer chains,
while the lowest MW sample forms type I aggregates in solution which hinders the correlated
packing of polymer chains. Figure 4.11 shows the AFM measurements of samples prepared
in p-xylene, which reveals a lower degree of correlated order in the lowest MW sample with
high extended correlated ordering for the higher MW samples consistent with previous
reports for toluene.[12] This strong difference in behaviour with changing solvent quality is
discussed in further detail in Chapter 5, where the microstructure, solution aggregation
behaviour and OFET performance of P(NDI2OD-T2) processed from a range of solvents is
explored.

141

|| Effect of Molecular Weight on the Transistor Performance and Thin-Film Microstructure of P(NDI2OD-T2) ||

Figure 4.11: 2 μm  2 μm AFM images of films of the same batch of MW samples of
P(NDI2OD-T2) processed from p-xylene: the (a) 10 kDa, (b) 17 kDa, (c) 30 kDa, (d) 35 kDa
and(e) 41 kDa films.
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4.6 Conclusion
This chapter has reported an unconventional MW dependence of charge carrier
mobility in P(NDI2OD-T2) transistors with FET mobility increasing as MW is decreased. By
probing thin-film microstructure with GIWAXS, NEXAFS spectroscopy, AFM and R-SoXS,
it was concluded that the observed increase in FET mobility with decreasing MW is due to
the pronounced increase in OCL with decreasing MW, with OCL increasing from < 100 nm
for the 41 kDa sample to > 500 nm for the lower MW samples. This conclusion is consistent
with FET device trends with FET mobility observed to depend upon channel length for the
high MW samples but found to be independent of channel length for the low MW samples
where the OCL is of a similar magnitude to L. The large OCL in low MW samples is
attributed to the lack of aggregation in solution, with an extended, open conformation
promoting the correlated ordering of backbones during film deposition. In contrast, for larger
MW chains pre-aggregation suppresses the orientationally correlated ordering of chains.
Finally, this chapter observed that the exact nature of aggregation is important in either
promoting or suppressing long-range order, with the aggregation of chains in intermediate
solvents such as DCB used here being detrimental to long-range order in contrast to poor
solvents such as toluene and p-xylene that promote long-range order. Thus control of MW, as
well as solvent quality, is an effective tool for controlling the long-range ordering of chains in
high mobility thin-film polymer transistors.
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5.2 Abstract
The interaction between solvent and conjugated polymer plays a fundamental role in
the formation of the active semiconducting layer used in solution-processed organic
electronic devices. As seen in Chapter 4, differences in the nature of polymer chain
aggregation in solution can strongly affect film microstructure and in turn, charge transport
properties. To realise efficient charge transport in an organic field effect transistor (OFET),
understanding the effects of polymer/solvent interactions on the resulting film microstructure
is thus crucial. This study explores the effects of solvents of varying quality on the
microstructure and OFET performance of thin films of the high mobility naphthalenediimide-thiophene based n-type semiconducting copolymer P(NDI2OD-T2). Whereas in
Chapter 4 the effect of molecular weight was studied, here a P(NDI2OD-T2) batch with fixed
molecular weight of Mn = 31.2 kDa and Ð = 2.1 is used and six different solvents are
employed. The solvents used range from tolerably-good solvents (such as o-dichlorobenzene)
to tolerably-poor solvents (such as chloroform and chlorobenzene) to poor solvents (such as
p-xylene and toluene). A strong correlation between OFET mobility with a change in solvent
quality is observed where average mobility increases from less than 0.30 cm2/Vs for samples
prepared from tolerably-good solvents to an average mobility of 0.55 cm2/Vs for samples
prepared from poor solvents. For poor solvents such as toluene, a maximum mobility of 1.5
cm2/Vs is observed thanks to strong aggregation of chains in the solution phase. Interestingly,
when molecular orientation is probed at the top interface by NEXAFS spectroscopy, this
increase in mobility with decreasing solvent quality is found to directly correlate with an
increase in the average backbone tilt angle. The hypothesis that solution-phase chain
aggregation behaviour affects transistor performance is further tested by plotting the
measured saturation mobility versus the strength of absorption in solution at 815 nm, and it is
found that there exists a “J-shaped” relationship between the mobility and the degree of chain
aggregation. Taken together, improvement in the saturation mobility of P(NDI2OD-T2)
samples prepared from poor solvents such as p-xylene and toluene is attributed to the strong
aggregate formation in a solution that in turn promotes the orientation of polymer backbones
in a predominantly edge-on registry with micron long orientationally correlated domains.
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5.3 Introduction
As introduced in Chapter 2, the nature of solvent-polymer interactions may promote
an open coil or collapsed globule conformation. Influencing parameters include solvent
quality, polymer molecular weight, concentration and temperature, which were thoroughly
discussed in Section 2.3. A solvent can be an athermal, good, poor, a θ-solvent or non-solvent
for a particular polymer. For example, polystyrene in ethylbenzene is an athermal solution
where the monomers and solvent molecules are energetically the same; however, polystyrene
in water is a non-solvent case where highly interactive inter- and intra-chain solute monomers
aggregate in collapsed coils, excluding solvents from those coils. In between these two
extremes, benzene and ethanol act respectively as good and poor solvents respectively for
polystyrene. On the other hand, cyclohexane at 34.5C acts as the θ-solvent for polystyrene
where the polymer chains remain inert to itself as well as to the solvent. In Chapter 4, the
effects of molecular weight on the microstructure of P(NDI2OD-T2) transistors was studied
and it was found that differences in the degree of polymer chain aggregation strongly affected
the resulting liquid crystalline microstructure, and hence, their transistor performance. It was
also noted that the solvent was chosen, either tolerably-good or poor can play a significant
role in determining molecular weight trends. Thus, it is of vital importance to understand the
effects of different solvents on solution chain conformation and their effects on film
microstructure and OFET performance. While a number of studies[1-5] have focused on
P(NDI2OD-T2) chain formation in various solvents and their aggregation behaviour,
correlating solution aggregation behaviour and OFET performance across a broad range of
solvents have remained largely unexplored. For example, as discussed thoroughly in the
literature survey (Section 2.6.2 and 2.6.3), Schubert et al.[2] studied the influence of the
aggregation of P(NDI2OD-T2) in a number of solvents and reported on aggregation
behaviour by the means of a UV-Vis absorption study. They reported an appearance of an
absorption band centred at 710 nm for poor solvents such as toluene with a pronounced
shoulder at 800 nm. However, they did not present any OFET measurement in conjugation
with the solvent quality. Moreover, their study did not report any correlation between the
aggregation behaviour of polymer chains in solvents and the film microstructure. Hence, a
thorough study to understand the correlation between the solvent quality, formation of the
solid state film microstructure and their OFET performance remained unexplored. To this
end, this chapter reports a thorough investigation of the effects of solvents on OFET
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performance and film microstructure of P(NDI2OD-T2) with a total of six solvents, ranging
from tolerably-good to tolerably-poor to poor.

5.4 Methodology
5.4.1 Materials
P(NDI2OD-T2) (Ryanergy Tek Inc., Mn = 31.2 kDa, Ð = 2.1) was used in this study
with a range of six solvents: chloronaphthalene, o-dichlorobenzene, chloroform,
chlorobenzene, toluene and p-xylene (Sigma-Aldrich), without further modification. Table
5.1 summaries the solvents used and their abbreviations along with the details of solution
concentrations and spin-coating speeds. Different concentrations and spin speeds were
needed to produce films of a similar thickness of 60 ± 5 nm. Note that, XY: CN is a mixture
of 50:50 vol% of p-xylene and chloronaphthalene. While chloronaphthalene is a good solvent
for P(NDI2OD-T2),[6] due to the high boiling point of chloronaphthalene, films of devicequality could not be produced from neat chloronaphthalene. Hence, a mixture of p-xylene and
chloronaphthalene is used to promote film formation.
Table 5.1: Solvents used in this study to prepare P(NDI2OD-T2) solutions and thin films with
details of solution concentrations and spin-coating speed. Note that different concentration
and spin speed combinations were used to produce ~ 60 ± 5 nm active layer thickness.
Solvent

Concentration

Spin-speed

[mgmL-1]

[rpm, X 1000]

p-xylene: chloronaphthalene (50:50 vol%)

XY:CN

15

12

o-dichlorobenzene

DCB

15

2

chloroform

CF

3.75

1

chlorobenzene

CB

7.5

1

Toluene

TOL

7.5

8

p-xylene

XY

15

12

5.4.2 Device Fabrication
Greater than 20 TGBC OFETs with structure Si/SiO2/Au/PEIE/P(NDI2ODT2)/CYTOP/Al were fabricated for each solvent listed in Table 5.1. Readers are directed to
experimental chapter, Section 3.3.1.1.1 for the details of device fabrication. At this point, it is
worth noting that different to the preparation of OFETs in Chapter 4, in this study spin151
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coating and annealing of the P(NDI2OD-T2) layers was conducted under ambient conditions
(outside of a glove box). This was done for practical reasons: due to the sheer number of
films prepared for both transistor and microstructure experiments such as NEXAFS, R-SoXS,
GIWAXS and AFM studies scheduled almost at the same time, preparing all the devices and
films in the N2-filled glove box was impractical. However, for OFET devices, spin-coating
and annealing of the CYTOP layer, Al gate deposition and the device characterisation were
performed under nitrogen, in the glove box. Due to the fact that organic materials generally
degrade when processed in ambient,

[7, 8]

first of all, an experiment was carried out to test

whether spin-coating the active layer outside of a glove box is comparable to that prepared
inside an N2-filled glove box. Figure 5.1 shows the OFET performance of devices where the
active layer was prepared either under ambient or under nitrogen. Two different solvents
were used for this comparison, namely a poor solvent: p-xylene and a tolerably-good solvent:
o-dichlorobenzene. Very similar average mobilities and distributions of mobilities are
observed, with samples prepared from p-xylene showing average saturation mobilities of ~
0.60 cm2/Vs when prepared inside and outside of the glove box. Similarly, OFETs prepared
from o-dichlorobenzene demonstrated similar OFET performance with average mobilities of
~ 0.20 cm2/Vs when prepared inside and outside the glovebox. Only very subtle differences
in threshold voltage were observed, with glove-box prepared OFETs exhibiting a slightly
lower threshold voltage in both cases. However, the charge transport behaviour is not
affected by the active layer being prepared under ambient. This concludes that spin-coating
and annealing the P(NDI2OD-T2) active layer at 110° C in ambient does not degrade the
P(NDI2OD-T2) film, with comparable OFET performance achieved for such air-processed
layers as long as the CYTOP layer is deposited and annealed in the glove box. Note that,
annealing at higher temperatures (e.g. 300° C) in ambient can lead to the degradation of
P(NDI2OD-T2) films, with Chapter 7 presenting the results of an NEXAFS spectroscopy
study on the effect of annealing P(NDI2OD-T2) films inside and outside of a glove box at
300°C as well as at 110°C. Readers are directed to Chapter 7, Section 7.5.1.3 for this study on
P(NDI2OD-T2) film degradation.
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Figure 5.1: TGBC saturation mobility and (inset) threshold voltage of P(NDI2OD-T2)
devices, extracted from > 8 devices of transistor channel length, L = 20 μm, prepared inside
and outside of an N2-filled glove box from 15 mg/mL solutions in p-xylene and odichlorobenzene.

5.5 Results and Discussions
5.5.1 Solution-Phase Chain Aggregation

Figure 5.2: UV-Vis absorption spectra of P(NDI2OD-T2) solutions prepared from different
solvents (concentration: 0.01 wt%).
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Figure 5.2 shows solution-phase optical absorption spectra of P(NDI2OD-T2) in the
different solvents studied. The range of solvents studied varies from highly polarizable
solvents such as chloronaphthalene (CN) to non-polar solvents such as toluene (TOL) and pxylene (XY). The normalised UV-Vis absorption spectra of all six samples are characterised
by a π–π* band with a peak at ~ 390 nm and a lower energy band between 500 nm and 800
nm associated with charge-transfer (CT) excitation,[1] with the spectra showing a subtle yet
systematic redshift with solvent quality. Compared to DCB – which was studied in Chapter 4
and is a tolerably-good solvent for P(NDI2OD-T2) – the absorption spectrum of P(NDI2ODT2) in XY: CN shows reduced absorption strength at 700 nm and 815 nm. As discussed in
Section 2.6.2, absorption features at these wavelengths are associated with two different types
of aggregates: “aggregate I” and “aggregate II”.[1] Thus the mixture of p-xylene and
chloronaphthalene is a better solvent than DCB, though with some aggregation features still
evident. The absorption spectrum of P(NDI2OD-T2) in neat CN shows a complete lack of
aggregation features[6] consistent with a good solvent, however as noted above device-quality
films were not achievable with neat CN. On the other hand, non-polar solvents such as
toluene and p-xylene show pronounced absorption at 700 nm and 815 nm. These are
considered poor solvents for P(NDI2OD-T2).[1, 5] In between these two polar and non-polar
solvent sets, chloroform (CF) and chlorobenzene (CB) show intermediate absorption strength
at these wavelengths and hence can be considered as tolerably-poor solvents for P(NDI2ODT2). The conformation behaviour of P(NDI2OD-T2) across the range of solvents studied can,
therefore, be described as covering weakly aggregating (XY: CN) to strongly aggregating
(TOL, XY), spanning a transition from type I aggregates (“aggregate I”) to type II aggregates
(“aggregate II”). With the change in solvent quality from tolerably-good to poor solvent,
there is also a systematic redshift of ~ 0.13 eV of the π–π* peak, consistent with
conformational changes upon aggregation of P(NDI2OD-T2) chains as posited by
Steyrleuthner et al.[1]
5.5.2 OFET Performance
Figure 5.3 shows an example set of output and transfer curves used to extract
transistor parameters of TGBC OFETs prepared from all six solvents with transistor channel
length, L = 20 μm. Note that this study only reports the OFET performance with the
transistors of L = 20 μm. As seen from Figure 5.3, OFETs prepared from DCB and CB shows
a maximum drain current of ~ 0.6 mA with OFETs prepared from XY: CN showing a slightly
154
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higher maximum drain current of ~ 0.8 mA. OFETs prepared from CF shows an increase in
maximum drain current to 1.6 mA, with OFETs prepared from TOL and XY showing
maximum drain currents > 2 mA. This increase in P(NDI2OD-T2) OFET drain current with
decreasing solvent quality is also reflected by improvements in the Ion/off ratio (see Table 5.2)
which increases from ~ 103 for tolerably-good solvents such as XY:CN and DCB to ~ 105 in
poor solvents with samples prepared from CF and CB showing intermediary Ion/off ratios of ~
104. Table 5.2 tabulates the average and maximum saturation mobility, average threshold
voltage and Ion/off ratio values extracted from > 20 OFETs prepared from each solvent. Figure
5.4 plots the mobility and threshold voltage, Vth (inset) in box charts showing maximum,
minimum, 95th, 75th, 25th and 5th percentile along with the average (filled-squares).

Table 5.2: Average and maximum saturation mobility, (µe) average threshold voltage, (Vth)
and Ion/off ratio extracted from > 20 TGBC P(NDI2OD-T2) OFETs with L = 20 μm prepared
from each solvent.
µe, average

µe, maximum

Vth

[cm2/Vs]

[cm2/Vs]

[V]

XY:CN

0.29

0.50

5.2

103 - 104

DCB

0.21

0.31

4.8

103 - 104

CF

0.43

0.79

6.5

104

CB

0.31

0.51

5.1

104 – 105

TOL

0.55

1.16

6.2

105

XY

0.56

1.47

5.0

105

Solvent
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Figure 5.3: A set of TGBC OFET output and transfer curves for P(NDI2OD-T2) OFETs
prepared from six different solvents (transistor channel length, L = 20 μm). All these curves
represent forward and backwards voltage sweeps, showing almost no hysteresis. Note that
drain current in output and transfer curves varies for different samples.
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Figure 5.4: Box chart plots of saturation mobility and threshold voltage (inset) extracted from
> 20 TGBC P(NDI2OD-T2) OFETs prepared from each solvent.
As seen from the box charts presented in Figure 5.4, P(NDI2OD-T2) samples
prepared from tolerably-good solvents i.e. XY: CN and DCB show an average electron
mobility of µe < 0.30 cm2/Vs. Samples prepared from tolerably-poor solvents namely CF and
CB show an increase in mobility, with an average value of µe ~ 0.40 cm2/Vs. However, the
average saturation mobility reaches the highest value, µe > 0.55 cm2/Vs, for poor solvents
namely TOL and XY. At this point, it is worth noting that with the spread in the mobility
distribution being similar for XY: CN and CB, the average mobility of both of these samples
is ~ 0.30 cm2/Vs. Similarly, TOL and CF samples show a similar mobility distribution with
the average mobility of TOL being higher than that of CF: 0.55 cm2/Vs for TOL compared to
0.43 cm2/Vs for CF. On the other hand, XY shows a mobility distribution that overlaps with
all the other samples, showing the highest average mobility of 0.56 cm2/Vs. However, as
shown in Figure 5.4 and Table 5.2, the average mobility across the samples vary from < 0.30
cm2/Vs for tolerably-good solvents to > 0.55 cm2/Vs for poor solvents, with tolerably-poor
solvents showing an average mobility in between. Hence, unlike Chapter 4 where the
mobility trend was verified with the ANOVA analysis, this trend of increase in mobility with
decreasing solvent quality can be grasped directly on the basis of Figure 5.4 where the change
in average mobilities is evident. Moreover, noting the maximum mobility from each sample
set, the same trend is followed with the maximum mobility reaching 1.5 cm2/Vs for the XY
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device set: a 5-fold increase in maximum mobility compared to DCB devices and a 2-fold
increase compared to CF devices. Further discussion on this mobility distribution is presented
in Section 5.5.3.1. In contrast to this mobility trend, examining the threshold voltage across
the samples (inset of Figure 5.4 and Table 5.2), they do not appear to vary significantly or
show any systematic variation where the average Vth value remains 5 ± 1 V across the
samples.
5.5.3 Thin-film Microstructure
5.5.3.1 AFM
Figure 5.5 shows AFM height images (2 µm  2 µm) of the top surface of
P(NDI2OD-T2) thin-films prepared from all six solvents used in this study. The insets of
images in Figure 5.4 present the calculated Fast Fourier Transformed Autocorrelation (FFTAC) images that qualitatively display the preferential alignment of fibrils/aggregates in each
sample. All samples but XY: CN shows fibrillar microstructures at the surface consistent with
previous studies.[5, 9-12] The XY: CN film exhibits a distinct nodular structure in the order of
half a micron, similar to the observation of Luzio et al., where they investigated a CF: CN
sample.[5] Chloronaphthalene (CN) being a high boiling point solvent (263° C in ambient),
remains in the film after spin-coating and only fully evaporates from the sample surface once
placed on the hot plate for annealing. This later stage solvent evaporation of CN causes this
“quasi-liquid” state of the spin-coated film to quench at several areas of the film surface. As a
result, the chains form lump- and bundle-like microstructures centred on those quenching
points as seen in Figure 5.5 (a); however, they do not follow any preferential direction across
the sample. This is also demonstrated qualitatively in the FFT-AC image (inset). Being
almost circular, the FFT-AC analysis shows that there is no preferential orientation of the
structure within the 2 µm  2 µm sample. The DCB sample (tolerably-good), on the other
hand, shows a similar surface microstructure to that observed in Chapter 4, with polymer
chains forming interconnected fibrils in the order of a few hundred nm, see Figure 5.5 (b). A
minimal preferential orientation of the fibrils within the DCB sample is observed which is
also displayed qualitatively by the respective FFT-AC image (inset, 5.5 (b)) as that distorts
from a circular shape towards an oval. Films prepared from the tolerably-poor solvents CF
and CB show longer-range ordering of P(NDI2OD-T2) fibrils, with correlated ordering
extending up to a micron or more. The respective FFT images show elongated ovals, see
Figure 5.5 (c-d) and insets, consistent with this increase in orientational alignment. The FFT
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images become the most elongated for the poor solvents TOL and XY, shown in Figure 5.5
(e-f), representing the highly preferential orientation of the microstructure across the probed
areas. By eye, the orientation of fibrils appears to be correlated with the entire AFM images
for these films, with fibrils being aligned left-to-right in the TOL image and top to bottom in
the XY image. Such long-range correlated ordering over microns is consistent with the
observations of Luzio et al.[5] who studied films prepared from toluene only. Given that there
is long-range orientational order in films prepared from poor solvents such as toluene and pxylene, the high mobilities achieved in the top-gate P(NDI2OD-T2) OFETs are
understandable. The broad distribution of mobilities for toluene and p-xylene devices can
also be rationalised since the preferential orientation of P(NDI2OD-T2) fibrils in a sample
with respect to the charge transport direction in a given OFET is likely to be random.
Therefore toluene or p-xylene transistors with high mobility are likely to be those where the
fibrils are on the whole aligned with the charge transport direction, whereas transistors with
low mobilities are those where the fibrils end up being misaligned with the charge transport
direction.
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Figure 5.5: AFM height images (2 µm  2 µm) of the surface microstructure of P(NDI2ODT2) thin films. Samples were prepared from (a) XY: CN mixture (50:50 vol%), (b) DCB, (c)
CF, (d) CB, (e) TOL and (f) XY with the same spin-coating and annealing recipes followed
for OFET fabrications. Insets show Fast Fourier Transformed Autocorrelation (FFT-AC)
images that qualitatively display the preferential alignment of P(NDI2OD-T2)
microstructures across the respective sample.
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5.5.3.2 NEXAFS Spectroscopy
Since top gate OFET operation is predominantly a surface phenomenon where
charge transport takes place at the dielectric/polymer interface, it is crucial to understand
molecular orientation and local chemical environment of the top surface of the P(NDI2ODT2) thin-films. Surface-sensitive NEXAFS spectroscopy was performed to investigate the
molecular orientation of polymer backbones, with Figure 5.6 showing the Partial Electron
Yield (PEY) NEXAFS spectra of the P(NDI2OD-T2) films spin-coated from different
solvents.

Figure 5.6: Normalised Carbon K-edge Partial Electron Yield (PEY) NEXAFS spectra of
P(NDI2OD-T2) thin-films for 5 incident angles with insets showing the π*-manifold of the
respective spectra. Films were prepared on Si/PEIE from six different solvents with the same
spin-coating and annealing recipes used to fabricate OFETs and AFM samples.
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With PEY acquisition having a surface sensitivity of < 3 nm and Total Electron
Yield (TEY) having a surface sensitivity of up to ~ 5 nm,[13] both PEY and TEY NEXAFS
spectra were used in this study to calculate the average tilt angle of the conjugated backbones
with respect to the sample normal.[14] As seen from Figure 5.6, all the samples show linear
dichroism in the C1s→π*C=C transition (below the ionisation step at ~ 290 eV), similar to the
study reported in Chapter 4 as well as the study reported by Schuettfort et al.[12] To quantify
this average backbone tilt-angles, fitting of both PEY and TEY spectra was performed giving
an average tilt angle for each sample. See section 3.3.2.3 for the details. Table 5.3 tabulates
the average tilt angles, <γ>, for all six samples with Figure 5.7 plotting these results.
Table 5.3: Average molecular tilt angles, <γ>, of P(NDI2OD-T2) backbones with respect to
the substrate of spin-coated P(NDI2OD-T2) thin films prepared from the six different
solvents studied in this chapter.
Solvent

<γ> at the top (polymer/air) interface
[]
PEYa)

TEYb)

XY:CN

59.5 (± 0.3)

54.1 (± 0.2)

DCB

60.0 (± 0.3)

53.2 (± 0.2)

CF

63.6 (± 0.2)

56.6 (± 0.1)

CB

61.9 (± 0.3)

54.4 (± 0.2)

TOL

65.9 (± 0.3)

57.5 (± 0.1)

XY

66.8 (± 0.2)

59.8 (± 0.1)

As seen from Table 5.3 and Figure 5.7, P(NDI2OD-T2) polymer backbones are
predominantly oriented in an edge-on fashion at the top interface of the films with <γ> > 60°
(PEY), irrespective of the solvent used. However, there exists a strong correlation between
average tilt angle and solvent quality; a systematic increase in average tilt angle from ~ 60°
for tolerably-good solvents (XY: CN mixture and DCB) to ~ 67° for poor solvents (TOL and
XY) is evident, while tolerably-poor solvents (CB and CF) remain intermediate with <γ> ≈
62-63°. A similar correlation between average tilt angle and solvent quality follows for angles
calculated from TEY spectra where P(NDI2OD-T2) polymer backbones show values of <γ>
≈ 53-54° for samples prepared from tolerably-good solvents, <γ> ≈ 54-56° for tolerably-poor
solvents and <γ> ≈ 57° for toluene and <γ> ≈ 60° for p-xylene (poor solvents). It is
interesting to note that in Chapter 4 <γ> was not found to systematically vary with molecular
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weight despite changes in the degree of solution aggregation. Thus, surface molecular
orientation is more strongly affected by solvent quality than by molecular weight.
Comparing the NEXAFS results with the OFET results (as discussed in section
5.5.2), the measured OFET mobility is found to correlate with the measured backbone tilt
angle, Figure 5.8. Thus as well as changes in the degree of the correlated orientation of
chains, changes in the molecular tilting of backbones at the surface with changing solvent
quality appears to influence OFET performance. Further discussion on these correlations is
provided in Section 5.5.4.

Figure 5.7: Average molecular tilt angles, <γ>, of P(NDI2OD-T2) polymer backbones with
respect to the substrates, calculated from PEY and TEY NEXAFS spectra probed at the top
(polymer/air) interfaces.
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Figure 5.8: P(NDI2OD-T2) TGBC OFET saturation mobility of samples prepared from six
different solvents versus their respective average tilt angles calculated from PEY and TEY
(inset) NEXAFS spectra probed at the top interface of the films. A straight line is fitted
through the data points to show that a linear correlation exists between TGBC mobility and
top interface backbone tilt angle.
5.5.3.3 GIWAXS
Figure 5.9 shows 2D GIWAXS images of P(NDI2OD-T2) thin-films prepared from
all six solvents used in this study. Figure 5.10 presents 1D scattering profiles of those
samples averaged about the in-plane and out-of-plane scattering directions (sectors of width 
15 centred about the QXY and QZ axes respectively) with the calculated Herman’s S
parameter also presented. As seen in Figure 5.9, the scattering patterns of all P(NDI2OD-T2)
thin-films are similar and consistent with previous studies.[15, 16] Furthermore the GIWAXS
pattern for the sample prepared from DCB is also consistent with that reported in Chapter 4.
Although P(NDI2OD-T2) prepared from XY: CN shows less intense scattering in the 2D
GIWAXS image (Figure 5.8 a) than samples prepared from other solvents (Figure 5.9 b-f),
the peaks extracted from 1D in-plane (IP) and out-of-plane (OOP) profiles are similar, see
Figure 5.10. This observation might result from the 2-stage evaporation processes in XY: CN
film as discussed in Section 5.5.3.1 (Figure 5.5 (a)). However, the crystallographic data of
this XY: CN sample extracted from the peak assignments and peak fitting to IP and OOP
profiles are similar to those of other five samples, see Table 5.4.
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Similar d-spacings for the alkyl stacking, backbone and π-π stacking peaks are found for
each P(NDI2OD-T2) sample, consistent with previous reports.[17] In particular, in addition to
the 1st order and 2nd order in-plane alkyl stacking peaks at ~ 2.5 nm-1 and ~ 4.8 nm-1
respectively, all samples show an out-of-plane π-π stacking peak at ~ 15.7 nm-1. As well as
alkyl stacking and π-π stacking peaks, all samples exhibit prominent backbone stacking peaks
along QXY indicating the coherent, in-plane ordering of polymer backbones. Up to 3 orders of
(00l) peaks can be seen, with peaks observed at ~ 4.5, 8.8, 14 nm-1 (Figure 5.9 and Table 5.4).
Interestingly, as posted by Rivnay et al., an intense in-plane backbone peak at ~ 17.4 nm-1 is
also seen for all the samples which are assigned to a second polymorph.[17, 18]
Although no systematic variation in the orientation is seen as evident from the Herman’s
S parameter (Figure 5.10, right), it is, nevertheless, conclusive that the crystallites are
predominantly packing face-on in the bulk of the film with respect to the substrate. In
contrast, a systematic increase in the IP alkyl stacking coherence length is observed with the
variation in solvent quality. Samples prepared from tolerably-good solvents to have a
coherence length of ~ 22 - 25 nm derived from the 1st order alkyl stacking peak and that
increases to ~ 30 nm for the sample prepared from poor solvents such as toluene and pxylene, see Table 5.4. With peak intensity sensitive to beam footprint, film thickness and
sample alignment, a straightforward comparison cannot be used for comparing the degree of
crystallinity of the different samples. Moreover, GIWAXS being a bulk-sensitive technique,
the crystallinity information might not necessarily be relevant for the interpretation of topgate operation which is surface sensitive. Nonetheless, the GIWAXS does provide
complementary information to surface-sensitive techniques regarding local crystalline order
and the bulk orientation of crystallites.
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Figure 5.9: 2D GIWAXS images of P(NDI2OD-T2) spin-coated thin films prepared from
different solvents on Si/SiO2 substrates with the same spin-coating and annealing recipes
used to fabricate OFETs, NEXAFS and AFM samples.
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Figure 5.10: In-plane (IP, left) and out-of-plane (OOP, middle) 1D scattering profiles of
P(NDI2OD-T2) thin-films averaged about the in-plane and out-of-plane scattering directions
of 2D GIWAXS images presented in Figure 5.9. Calculated Hermas’s S parameter is shown
in the right image.
Table 5.4: Details of the crystallographic parameters of key peaks obtained via peak fitting of
the in-plane and out-of-plane 1D GIWAXS scattering profiles shown in Figure 5.10.

5.5.3.4 R-SoXS
R-SoXS measurements were employed to assess the length scale of correlated
ordering of microstructures in a preferential direction across a sample[19-25] AFM being
probed to a small region of a sample e.g. 2 µm  2 µm, FFT-AC analysis qualitatively
displays orientational correlations of fibrils across only that small region, see Figure 5.5 and a
detailed discussion presented in Section 5.5.3.1. R-SoXS, however, probes a sample with an
167

|| Effects of Solvents on OFET Charge Transport and Thin Film Microstructure of P(NDI2OD-T2) ||

X-ray beam footprint of ~ 200 µm that averages the size of orientationally correlated domains
of that sample, thus providing information that is more representative of the sample as a
whole as compared to AFM.
Figure 5.11 shows the R-SoXS scattering patterns of P(NDI2OD-T2) thin-films
taken at energies of 285.4 eV and 270 eV for films prepared from the different solvents (with
the exception of p-xylene). The XY-cast film on SiN2 was accidentally broken and hence,
was not measured. Readers are directed to Section 3.3.2.4 for the detailed theoretical
background on R-SoXS and the experimental procedures. As seen in Figure 5.11, the
resonant scattering profiles of all five P(NDI2OD-T2) samples show increasing scattering
strengths as q decrease below 0.01 nm-1 indicating that all samples possess an orientationally
correlated length (OCL) of at least three to four hundred nm. However, with experimental
limitations to a minimum q-value of ~ 0.008 nm-1, unfortunately, no distinct peaks are
observed for these samples in contrast to the R-SoXS study of Chapter 4. As a result, in this
study R-SoXS is unable to provide a direct comparison of the scale of orientationally
correlated domains for the films processed from different solvents.

Figure 5.11: Lorentz-corrected R-SoXS scattering profiles of P(NDI2OD-T2) thin films
prepared from different solvents. Solid lines correspond to resonant scattering taken at an
incident energy of 285.4 eV while the dotted lines correspond to non-resonant scattering
taken at an energy of 270 eV. Note that the sample prepared from p-xylene was not
measured.
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5.5.4 Discussion
With the change in solvent quality from tolerably-good to tolerably-poor to the poor, the
key experimental observations on the charge transport performance and microstructure of the
six P(NDI2OD-T2) samples can be summarised as follows:
1. A systematic redshift of ~ 0.13 eV of the π–π* peak in the solution UV-Vis
spectra going from tolerably-good to poor solvent is seen.
2. A systematic increase in the solution absorption strength at ~ 700 nm and ~
815 nm if found with decreasing solvent quality.
3. An increase in the average TGBC saturation mobility of ~ 2 fold with a ~ 5
fold increase in maximum mobility is recorded when moving from tolerablygood to poor solvent.
4. A direct correlation between the average TGBC saturation mobility and
average tilt angle of the polymer backbone is seen.
5. An increase in the degree of orientationally correlated order in films (as judged
by AFM) with decreasing solvent quality is seen.
Due to delocalisation of electrons along the conjugated backbone of a
semiconducting polymer, the best thin-film charge transport in an OFET configuration occurs
along the polymer backbones through intra-chain connections. Wang et al. have shown[26]
that efficient charge transport can still occur in P(NDI2OD-T2) transistors with as low as 1 %
P(NDI2OD-T2) in a mixture of 99 % polystyrene, thanks to sufficient intermolecular
aggregation. The importance of the correlated ordering of backbones has also been
thoroughly discussed in background chapters Section 2.5 and 2.6. In addition, Chapter 4
shows that samples with longer-range liquid crystalline order afford higher charge transport
mobilities. Secondary to on-chain transport along the polymer backbone, inter-chain charge
transport in the π-π stacking via hopping is also an important mechanism which is necessary
when charges need to hop from one chain to the next, see the theoretical background on
charge transport discussed in Section 2.5. Thus, the ordered side-by-side, edge-on stacking of
polymer chains at the polymer/dielectric interface is important in enabling charges to hop
from one chain to the other. This is essential if the charge transport direction is perpendicular
to the local backbone orientation or if charges need to hop from one chain to the next upon
reaching at the end of a chain. To this end, Oosterbaan et al.[27] studied the benchmark
polymer P3HT in conjugation with the molecular orientation of the polymer backbones at the
top polymer/air as well as at the bottom substrate/polymer interfaces. They reported a direct
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correlation of OFET mobility where the mobility increases with the edge-on molecular
orientation. Interestingly, this chapter shows a similar trend (Figure 5.7) where the TGBC
OFET mobility increases with increasing tilt angle at the crucial top interface. In addition,
from AFM image analysis (Figure 5.5) P(NDI2OD-T2) samples prepared from poor solvents
such as toluene and p-xylene form favourable charge transport networks with the correlated
orientation of fibrils over many microns, in full agreement with the findings of Luzio et al.[5]
When employed polarised optical microscopy with extensive AFM analysis, Luzio et al.
hypothesised that absorption occurs with a transition dipole moment parallel to the fibrils
indicating that the molecular backbones are likely to parallel to the fibrils direction. The
correlated orientation of fibrils was found to decrease with increasing solvent quality with the
lowest correlated ordering of fibrils found in the tolerably-good (DCB and XY: CN) samples.
Furthermore, samples prepared from poor solvents are found to exhibit a more edge-on
orientation of the polymer backbone at the top interface than samples prepared from
tolerably-good solvents and tolerably-poor solvents. In fact, when average saturation
mobility is plotted against < > (Figure 5.7), it is seen that there exists a linear correlation
between mobility and < >, with mobility increases with decreasing solvent quality.
Moreover, from the GIWAXS analysis, a systematic increase in the in-plane (100) coherence
length was found with decreasing solvent quality from tolerably-good to tolerably-poor and
poor solvent, suggesting that larger crystallites are produced from poorer solvents (Table
5.4). Taken together, the observed improvement in charge transport with decreasing solvent
quality can be explained by:
1. Larger OCLs that provide superior networks for on-chain charge transport,
2. More edge-on oriented chains at the polymer/dielectric interface that facilitates
intra-chain hopping when required, and
3. Larger crystallites that improve the degree of local order.
The observation of micron-long P(NDI2OD-T2) OCLs at the top interface of samples
prepared from poor solvents with polymer backbones oriented in an edge-on fashion at the
top interface is linked to their chain aggregation behaviour in solution. As shown in Figure
5.5 and discussed in section 5.5.1, P(NDI2OD-T2) samples prepared from different
solvents, when normalised at the π–π* peak at ~ 390 nm, show relative absorption
strengths at different peaks in the UV-Vis spectra. Steyrleuthner et al.[1] reported that
P(NDI2OD-T2) chains undergo strong aggregation in poor solvents such as toluene
(“aggregate II”), characterised by the vibronic peaks at ~ 700 nm and ~ 815 nm in the
170

|| Effects of Solvents on OFET Charge Transport and Thin Film Microstructure of P(NDI2OD-T2) ||

solution UV-Vis spectra. This study similarly finds that P(NDI2OD-T2) samples show
strong absorption strength at both of these wavelengths when prepared from poor solvents
such as toluene and p-xylene consistent with the presence of type II aggregates. Samples
prepared from tolerably-good and tolerably-poor solvents show systematic alteration in
UV-Vis absorption, also in agreement with Steyrleuthner et al. Indeed, tolerably-good
solvents such as DCB and a mixture of p-xylene: chloronaphthalene (50:50 vol%) show
the weakest absorption strength at ~ 700 and almost no absorption strength at ~ 815 nm,
indicating that P(NDI2OD-T2) chains form weak type I aggregates with almost no type II
aggregates present in those solvents. Tolerably-poor solvents such as CF and CB show
absorption intermediary strength at 700 nm and 815 nm. This evolution in solution-phase
chain aggregation behaviour is found to correlate strongly with the evolution in TGBC
mobility, molecular orientation and OCL formation at the top polymer/dielectric interfaces
of the samples.
Hence, it is hypothesised that the nature of chain aggregation in solution
predetermines the extent of orientationally correlated ordering of polymer backbones, the
degree of edge-on orientation of polymer chains and ultimately the mobility of TGBC
OFETs. To further test this hypothesis, saturation mobility data and UV-Vis spectra of seven
P(NDI2OD-T2) samples accrued from the two different studies (Chapter 4 and 5) are shown
in Figure 5.12. The left panel of Figure 5.12 shows normalised UV-Vis spectra of these seven
samples and the right panel shows a plot of saturation mobility versus the UV-Vis absorption
strength at 815 nm with the inset panel showing saturation mobility of all these seven
samples. As shown in Figure 5.12 (left), distinct and systematic changes in UV-Vis
absorption spectra are evident for different molecular weight samples of P(NDI2OD-T2)
prepared from different solvents. As discussed in Chapter 4, P(NDI2OD-T2) with Mn = 10
kDa in DCB (10 kDa-DCB) shows almost no aggregation (essentially no absorption strength
at 815 nm) indicating that – similar to CN for longer chains – o-dichlorobenzene is a good
solvent for the 10 kDa sample. The 10 kDa sample in p-xylene (10 kDa-XY), however,
shows non-negligible absorption strength at 815 nm with a prominent shoulder at 700 nm,
similar to that of 41 kDa in o-dichlorobenzene (41 kDa-DCB) and 31 kDa in p-xylene (31
kDa-XY) samples. When compared to Figure 5.2, it is straightforward that these three
scenarios behave like tolerably-good solvents with intermediary absorption strengths at ~ 700
nm and 815 nm. On the other hand, the 31 kDa sample in chloroform (31 kDa-CF) and the 41
kDa sample in p-xylene (41 kDa-XY) show stronger absorption strength at both 700 nm and
815 nm, corresponding to tolerably-poor solvents. However, the 31 kDa P(NDI2OD-T2)
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sample prepared from p-xylene (31 kDa-XY) shows the strongest absorption strength at both
the peaks, indicating the strongest aggregate formation in solution-phase (poor solvent).
Hence, four distinct sets in UV-Vis spectra are seen with the systematic increase in
absorption strengths, indicating a systematic change in P(NDI2OD-T2) chain conformations
with a change in solvent quality and molecular weight.
Interestingly, when the TGBC saturation mobility of these seven samples versus
their respective absorption strength at the wavelength of 815 nm is plotted (Figure 5.12,
right), four distinct mobility regions corresponding to four solvent qualities becomes evident,
with the mobility vs. absorption curve showing a characteristic “J-shape”). More precisely,
the 10 kDa-DCB sample behaves like a good solvent and shows an average mobility of ~
0.25 cm2/Vs with liquid crystalline micron-long OCLs forming from free and non-aggregated
chains (thoroughly discussed in Chapter 4). When P(NDI2OD-T2) behaves like a tolerablygood solvent and forms predominantly weak type I aggregates (e.g. 10 kDa-XY, 41 kDaDCB and 31 kDa-XY samples), average mobility tends to decrease slightly to 0.15 to 0.20
cm2/Vs. On the other hand, with stronger type II aggregate formation, P(NDI2OD-T2)
behaves like a tolerably-poor solvent (e.g. 31 kDa-CF and 41 kDa-XY) and shows an
increased mobility of > 0.4 cm2/Vs. However, P(NDI2OD-T2) exhibits the highest average
mobility of ~ 0.55 cm2/Vs when prepared from a poor solvent (e.g. 31 kDa-XY) where the
absorption strength at 815 nm (and also at 700 nm) is found to be the strongest, indicating
strong chain aggregation that promotes a high field effect transistor mobility.
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Figure 5.12: (Left) Normalised UV-Vis absorption spectra of seven P(NDI2OD-T2)-solvent
pairs made of the different molecular weight of P(NDI2OD-T2) and different solvents as
indicated, showing signature spectra of samples prepared from good, tolerably-good,
tolerably-poor and poor solvents. (Right) Average TGBC saturation mobility of those seven
samples plotted against their respective UV-Vis absorption strength at 815 nm with inset
showing the mobility versus samples. The characteristic “J-shape” dependence of mobility is
also shown. Additionally, four distinct colours are used to designate four distinct sets of
samples prepared from four solvent qualities: good, tolerably-good, tolerably-poor and poor
solvent. Note that the data are taken from this study as well as from the study presented in
Chapter 4.

5.6 Conclusion
In this chapter, the effect of solvent quality on the microstructure and performance
of TGBC P(NDI2OD-T2) OFETs was assessed. Chain aggregation behaviour was found to
be directly influenced by the quality of the solvent used, which in turn was found to strongly
influence the resulting thin film microstructure and OFET performance. In particular, ‘Jshaped’ increase in average OFET mobility was observed with decreasing solvent quality.
The increase in OFET performance with decreasing solvent quality was associated with
increased orientational correlation lengths and a more edge-on orientation of chains at the
polymer/dielectric interface. By combining data from this chapter and that of Chapter 4, a
more overarching perspective was achieved, with OFET performance correlated with solvent
quality spanning good to poor. Specifically, it was found that:
1. OFET mobility exhibits a “J-shaped” dependence on the extent of aggregate
formation in solution as gauged by the absorption strength at 815 nm.
2. OFET mobility is positively correlated with OCL, with samples exhibiting
larger OCLs exhibiting higher mobilities on average.
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3. OFET mobility is linearly correlated to the average tilt angle of polymer
backbones at the top interface.
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6.2 Abstract
Thin spin-coated films of P(NDI2OD-T2) are known to exhibit a distinct edge-on
surface layer on top of an otherwise face-on bulk. The existence of this thin capping layer
with distinct molecular orientation at the top surface presents an important question about its
causality: what makes this layer segregated from the rest of the film? As samples of
P(NDI2OD-T2) are generally highly polydisperse, a possibility is that the segregated layer in
P(NDI2OD-T2) film is comprised of chains of distinct molar mass. Hence, this chapter aims
to test the hypothesis that the capping layer of P(NDI2OD-T2) results from molecular weight
(MW) stratification upon spin-coating, whereby either smaller or larger chains are
accumulated at the top of the film. To test the hypothesis of this MW stratification, neutron
reflectivity (NR) experiments were performed in conjugation with simulations. Low and high
MW chains were deuterated to realise contrast for NR experiments. Neat deuterated and nondeuterated samples were first measured to characterise the scattering length densities (SLDs)
of the neat materials. Films produced by the mixing of deuterated and non-deuterated
fractions of low and high MW batches were then measured. The acquired reflectivity data
were fitted with either single-layer or two-layer profiles. While a two-layer profile with a thin
surface layer of ~ 50 Å with slightly different SLD was found to provide a good fit to the
data, the marginal improvement in fit compared to a single-layer profile was not substantial
enough to justify the use of a two-layer profile, with the change in composition in the
difference in SLD of the possible surface layer only being slightly different to the bulk value.
Hence, from the experiment and analysis of the results, the hypothesis is rejected which
indicates that the MW distribution of P(NDI2OD-T2) polymer chains are even throughout the
film thickness.
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6.3 Introduction
In Chapter 4 and 5, P(NDI2OD-T2) samples were investigated extensively in
conjugation with regard to the molecular weight (MW) of the polymer or the quality of the
solvent used. In particular, a series of MW batches of P(NDI2OD-T2) was employed in
Chapter 4 in conjugation with dichlorobenzene (DCB), a tolerably-good solvent and xylene
(XY), a poor solvent. It was observed from Chapter 4 that while XY promotes the
aggregation of smaller chains (lower MW) in solution, DCB promotes smaller chains to adopt
a non-aggregated and free conformation, resulting in long range OCLs. To investigate this
solvent quality dependent aggregation behaviour and their effects on solid-state
microstructure and hence on OFET performance, a series of solvents was employed in
Chapter 5. However, in that study, the MW of P(NDI2OD-T2) was kept constant at a
moderately medium to high MW (Mn ≈ 31 kDa). It was observed from Chapter 5 that with
longer OCLs, polymer backbones are predominantly more edge-on at the crucial top interface
(polymer/dielectric interface) in samples cast from poor solvents. In fact, the average tilt
angle of the polymer backbone at the top interface was found to be correlated with solvent
quality which was related to the formation of ‘type II aggregates’ in poor solvents. These
findings provide new insights regarding structure-function relationships in P(NDI2OD-T2),
addressing two of the key issues in controlling and understanding interfacial processes in
solution-processed OSC films,[1] namely, molecular orientation and OCL formation. In
related work, Schuettfort et al.[2] and Zerson et al.

[3]

have also probed the surface of

P(NDI2OD-T2) films as discussed in Section 2.6.5. In particular, Schuettfort et al.[2]
discovered that a very thin (< 5 nm) edge-on surface layer exists at the top interface of thin
P(NDI2OD-T2) films that otherwise exhibit a face-on orientation throughout the rest of the
40 to 60 nm film. On the other hand, Zerson et al.

[3]

observed a 1.2 nm thick layer of alkyl

side chains covering the film surface with backbone and π-stacking directions oriented in the
film plane. The face-on bulk packing of P(NDI2OD-T2) is unconventional,[4] and has been
related to the observation that P(NDI2OD-T2) polymer chains self-aggregate in solution,[5]
with these pre-aggregated chains then depositing face-on rather than the more common edgeon orientation observed for most other conjugated polymers. Taken together, these
observations and the findings of this thesis from Chapter 4 and especially from Chapter 5,
raise the important question about the origin of this segregated thin layer in P(NDI2OD-T2)
films which begs the question: What drives this segregation of the topmost layer in
P(NDI2OD-T2) films?
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This chapter presents a study where this segregation of P(NDI2OD-T2) is
investigated thoroughly against the following hypothesis: With P(NDI2OD-T2) samples
studied to date being rather polydisperse with Ð >> 1 and with different lengths of polymer
chains found to aggregate differently in solution, this chapter hypothesises that the observed
distinct edge-on capping layer in a spin-coated P(NDI2OD-T2) film results from shorter (low
MW) or longer (high MW) chains nucleating at the top of the film during spin-coating,
forming an edge-on oriented capping layer on top of the bulk with face-on orientation. Thus,
this chapter hypothesises that a MW stratification of chains occurs in spin-coated
P(NDI2OD-T2) films, and tests that hypothesis to understand this crucial phenomenon of
P(NDI2OD-T2).
With chains of different length of a polymer essentially being chemically indistinct,
X-ray based techniques such as NEXAFS spectroscopy or X-ray reflectivity are unable to
distinguish between chains, owing to the fact that X-rays interact with the electron density of
the sample being probed. Deuteration of batches of P(NDI2OD-T2) with different MW,
however, provides a way to distinguish between low and high MW chains in a neutron
experiment while leaving the chemical and physical properties of the chains untouched. The
replacing of hydrogen atoms for deuterium atoms was introduced in Section 3.3.3.2, with
deuterated samples having higher scattering length densities (SLDs) than non-deuterated
samples. Since both hydrogen and deuterium have only one electron, hypothetically speaking,
the interaction between an X-ray photon with a hydrogen atom will be the same as the
interaction between the same X-ray photon with a deuterium atom. Hence, any X-ray
experiment, for example, X-ray Reflectometry (XRR) cannot distinguish between low/high
MW polymers, whether they be deuterated or not. Neutron-based techniques, on the other
hand, being sensitive to the atomic nuclei, can distinguish hydrogen from deuterium (see
Section 3.3.3.2). With a neutron in its nucleus, a deuterium atom can potentially provide a
clearly distinguishable signal compared to a hydrogen atom when probed with a neutron
experiment, for example, Neutron Reflectometry (NR). Hence, probing any deuterated
material with NR would potentially provide a distinct signal to that of the corresponding nondeuterated (hydrogenated) material, even though they are essentially chemically indistinct.
This unique property of NR is utilised to investigate the abovementioned hypothesis of MW
stratification in P(NDI2OD-T2) films.
In this chapter, NR experiments are employed to probe spin-coated P(NDI2OD-T2)
films. In order to achieve neutron contrast, both low and high MW batches of P(NDI2OD-T2)
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(Mn ≈ 10 kDa and 35 kDa, see Table 6.2) are deuterated by replacing the hydrogen atoms in
the alkyl side chains with deuterium. This is achieved via deuteration of the 78 hydrogen
atoms in the side chains of the polymer changing the chemical formula from C64H94N2O4S2
for P(NDI2OD-T2) to C64D78H16N2O4S2 for deuterated P(NDI2OD-T2), see Figure 6.1 (a),
6.3 and the Methodology for details (Section 6.4). To investigate the postulated hypothesis of
different MW layers in a film, firstly four neat films are prepared: (1) deuterated low MW,
(2) deuterated high MW, (3) non-deuterated low MW and (4) non-deuterated high MW. From
here on, these samples are referred to as (respectively) D-low, D-high, H-low, and H-high;
where D stands for deuterium for the deuterated samples, H stands for hydrogen for the nondeuterated samples, low stands for the low MW batch and high stands for the high MW batch
of P(NDI2OD-T2). After characterisation of the SLDs of these neat films, a mixture of nondeuterated high MW with deuterated low MW is used to prepare two mixed samples of HHigh: D-low in two ratios, namely, 90:10 and 80:20, respectively; see the following
experimental sections for details. These mixed samples are probed with NR experiments and
the results are compared to that of the neat films. In the case of these mixed samples, the best
fits to the data provided by either one-layer or two-layer models are compared.

6.4 Simulation
6.4.1 Hypothesis Testing
Figure 6.1 (b) and (c) show a simulated experiment to test the feasibility of NR to
detect MW stratification in P(NDI2OD-T2) films. SLDs used in the simulations were
calculated as detailed below. Simulations were performed on the following samples:
1. D-low + H-high with segregation: In this case, there exists a 30 Å thick layer
enriched in deuterated low MW (80 vol. % D-low) on top of a 300 Å thick
mixed layer of D-low + H-high 50:50 (by volume) sample. The green traces in
Figure 6.1 (b) and (c) show the NR profile (R vs. q) and SLD profile
respectively of this first case. The simulations show that NR should easily
detect the presence of a thin ~30 Å surface layer enriched in deuterated
polymer, with this surface layer showing an NR SLD of ~ 5  10-6 Å2 at the
polymer/air interface while the rest of the film shows an SLD of ~ 3  10-6 Å2.
When referenced to the simulation for a blended film without segregation
(blue traces), the NR and SLD profiles are found to be clearly different.
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2. H-low + D-high with segregation: For the second case an H-low + D-high
mixture was simulated where the top 30 Å consists of a layer enriched in
non-deuterated low MW polymer (80 vol. %) on top of an equally mixed 300
Å layer of H-low + D-high. Compared to the control sample without
segregation, a shoulder is distinguishable in the orange trace of Figure 6.1
(c), but this surface layer is not as easily distinguished compared to the first
case. This shoulder causes the overall film thickness to appear ~30 Å thinner
than it actually is, with the Kiessig fringes becoming more widely spaced in
the NR profile, see the orange trace in Figure 6.1 (b). However, with the
complementary XRR measurement (red traces), a mismatch in XRR and NR
thickness confirms the presence of a surface segregated low MW layer.
This simulation establishes the experimental methodology for the experiment.
Hence, analysing the experimental NR data of a set of the sample in conjugation with a set of
modelling and comparing the results with the theoretical values, this experiment can test the
postulated hypothesis of MW stratification.
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Figure 6.1: (a) Chemical structure of the non-deuterated (i.e. hydrogenated) and deuterated
P(NDI2OD-T2). Here, all hydrogen atoms in the alkylated side chains are replaced with
deuterium atoms. (b) Simulated NR profiles and (c) SLD profiles for D-low + H-high (green),
H-low + D-high (orange) with a control sample (blue, no segregation). Also shown is the
XRR profile and the corresponding SLD profile of a low and high MW mixture (red).
6.4.2 Calculated Scattering Length Density (SLD)
NR data was acquired at the ‘Platypus’ reflectometer at the Australian Centre for
Neutron Scattering, Australian Nuclear Science and Technology Organisation (ANSTO),
NSW, Australia. Such data require the use of computer simulations for interpretation. One
can calculate the SLDs of a material or measure from acquired NR data; however, calculated
SLD values are an important parameter to start the fitting of the acquired data. As discussed
in Section 3.3.3.2, SLD values can be calculated by the summation of all the individual SLDs
of the constituted atoms of a molecule with known mass density or molecular volume, see
Equation 3.28-3.32. Several websites utilise this formalism and provide a theoretical
calculation of the SLD of a material when the chemical formula and mass density (or
molecular volume) of the material are provided along with a neutron wavelength. Here, the
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website, “http://refcalc.appspot.com/sld” was used to calculate the NR SLDs of deuterated
and non-deuterated P(NDI2OD-T2), bare Si wafer and native SiO2; Table 6.1 tabulates the
extracted SLDs along with all the relevant parameters.

Chemical Formula

Mass Density (g/cm3)

Molecular Volume (Å3)

Table 6.1: Calculated NR Scattering Length Densities (SLDs) of deuterated and nondeuterated P(NDI2OD-T2), Si-wafer and SiO2. The values were calculated using the website:
“http://refcalc.appspot.com/sld”, for the neutron wavelength = 1.8 Å. Here, the imaginary
part of the SLDs represents the resonance (anomalous) scattering at an absorption edge,
discussed in Section 3.3.2.4. Note that mass density (and molecular volume) of these
materials were found from the same website, except P(NDI2OD-T2) mass density = 1.2
g/cm3, which was taken from another study by Dr Eliot Gann (unpublished) regarding
transmission-mode X-ray spectromicroscopy.[6]

( 10-6)

Si-wafer

Si

2.3

20.0

2.1

2.4

Native SiO2

SiO2

2.2

45.3

3.5

1.0

P(NDI2OD-T2)

C64H94N2O4S2

1.2

1.4103

0.9

7.0

C64D78H16N2O4S2

1.2

1.5103

6.1

2.0

Material

Deuterated
P(NDI2OD-T2)

185

NR
SLD
(Å-2)
Real

Im.
( 10-11)

|| Probing Molecular Weight Stratification in Spin-coated P(NDI2OD-T2) Thin Films ||

6.4.3 Simulated Profiles of the Deuterated and Non-deuterated P(NDI2OD-T2) Films
Figure 6.2 (a) shows the theoretical neutron reflectivity curves (R vs. q) of
deuterated (red) and non-deuterated (green) P(NDI2OD-T2) films on Si wafers, simulated
with the calculated SLDs shown in Table 6.1. Their respective SLD profiles are shown in
Figure 6.2 (b). These simulations were performed assuming a film thickness of 350 Å and
roughness of 8 Å on a Si-wafer of the thickness of infinity and roughness of 5 Å. The
simulations show distinct differences between deuterated (red) and non-deuterated (green)
P(NDI2OD-T2), owing to the difference in neutron sensitivity to deuterium and hydrogen.
This provides distinct differences in the NR profiles, and as a result, in their respective SLD
profiles. In particular, the non-deuterated sample (green) shows a lower NR reflectivity signal
and decays faster than the deuterated sample (red). This results in distinct SLDs; whereas
deuterated sample shows SLD = 6.1  10-6 Å-2, non-deuterated sample shows a much lower
SLD = 0.9  10-6 Å-2. As discussed in the introduction to this chapter, this contrast is utilised
in this experiment to probe MW stratification in P(NDI2OD-T2) films.

Figure 6.2: (a) Simulated neutron reflectivity curves of the deuterated (red) and nondeuterated (green) P(NDI2OD-T2), and (b) their respective SLD profiles. These calculations
were done with a Si-wafer roughness = 5 Å and infinite thickness, with a polymer film
surface roughness = 5 Å and film thickness 350 Å.

6.5 Methodology
6.5.1 Materials
Deuteration of P(NDI2OD-T2): To deuterate the alkylated side chains of the
polymer P(NDI2OD-T2), deuterated 2-octyldodecylamine, C20H4D39N was produced from
the precursor 2-octyl-1-dodecanol, C20H42O (Sigma-Aldrich) at the National Deuteration
Facility, ANSTO, NSW, Australia; see Figure 6.3 for the chemical structures. Then,
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deuterated and non-deuterated P(NDI2OD-T2) samples were synthesised at the University of
Freiburg, Germany by following the same DAP route discussed in chapter 4.[7] Two MW
batches of both the deuterated and non-deuterated P(NDI2OD-T2) were synthesised: Mn ≈
9.4 kDa (low) and Mn ≈ 35 kDa (high). The details of these batches are tabulated in Table 6.2.
Note that molecular characterization of these batches was also performed at the University of
Freiburg (Table 6.2). Note that the low MW batch has a relatively low dispersity of Đ = 1.34
while the high MW batch has a dispersity similar to other batches reported in the literature.

Figure 6.3: Chemical structure of the precursor (a) 2-octyl-1-dodecanol (C20H42O) and (b)
deuterated 2-octyldodecylamine (C20H4D39N).

Table 6.2: Properties of two MW batches of deuterated and non-deuterated P(NDI2OD-T2)
reported in this chapter.
Tm

∆Hm
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[°C]

[J/g]

[°C]
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6.5.2 Experimental
6.5.2.1 Rationale to Solvent Choice
Neat and mixed samples were prepared from the solvent dichlorobenzene (DCB) for
the NR experiments, see Table 6.3. The rationale to choose DCB for this study is thoroughly
discussed in Chapter 4 and 5, where it was shown to act as a tolerably-good solvent for
P(NDI2OD-T2). In particular, low MW polymer chains were found to be free and nonaggregating in DCB solutions while high MW chains of Mn = 31 kDa were observed to
aggregate. Hence, whether there is any segregation of layers in spin-coated thin films due to
different (average) chain length i.e. MW of P(NDI2OD-T2), resulting from different
aggregation behaviour in solution, is best probed in films prepared from DCB..
6.5.2.2 Preparation of Thin Films
Substrates: 100-oriented n-doped and single-side polished Si wafers with thickness
≈ 1 mm and roughness < 5 nm were commercially sourced from University Wafer, Inc. Films
were spin-coated on 1 millimetre thick wafers to lessen the curvature caused by the vacuum
suction pump upon spin-coating. Moreover, the wafers were 2-inch in diameter so that the
sample can be probed confidently with the neutron beam footprints on shallow incident
angles, minimising the edge-effects by not probing the beams close to the edge.[8] All the
wafers were sonicated in acetone and isopropanol for > 5 minutes each and cleaned in an O2plasma cleaner (Harrick Plasma) for ~ 10 minutes before spin-coating.
Spin-coating: Since film roughness plays an important role on reflectivity as
discussed in the background (Section 3.3.2.3), extensive care was taken to produce film
surface as smooth as possible. To this end, P(NDI2OD-T2) solutions of four neat D-low, Dhigh, H-low, and H-high batches were prepared with different concentrations (see Table 6.3)
by dissolving the polymers in DCB at 80 C for ~ 7 days with magnetic stirrers to stir the
solution at 500 rpm in a N2-filled glove box. To prepare the mixed samples, namely H-high +
D-low, two solutions were prepared by blending neat batches of solutions in a 90:10 and
80:20 vol. % ratio, and keeping at 80 C with stirring for ~ 7 days. These ratios were chosen
to mimic the fraction of low MW chains in a polydisperse sample and so as not to
significantly perturb the MW balance of the system. Subsequently, all the solutions were
filtered through a 0.45 μm PTFE filter before spin-coating. These films were annealed at 110
C for 20 - 30 minutes in the glove box. All the films were spin-coated to ensure the similar
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thickness of ~ 300 Å; hence, the concentration of the neat solutions and spin-coating recipe
were optimised, see Table 6.3.
Table 6.3: Details of the deuterated and non-deuterated P(NDI2OD-T2) thin film preparation
from dichlorobenzene (DCB). Here, Con. and Mix. represent the concentration of the neat
solutions in mg/mL and mixture of the deuterated and non-deuterated solutions in vol%,
respectively.
P(NDI2OD-T2)
Sample

Sample Description

Con.
(mg/mL)

Mix.

Spin-

Ratio

rpm

(vol%)

( 103)

D-low

Deuterated low MW

15

100

4

D-high

Deuterated high MW

10

100

3

H-low

Non-deuterated low MW

15

100

4

H-high

Non-deuterated high MW

10

100

3

-

90:10

3

-

80:20

3

Non-deuterated high MW 10
H-high+ D-low

mg/mL solution was mixed with
deuterated low MW 15 mg/mL
solution in 90:10 vol%
Non-deuterated high MW 10

H-high+ D-low

mg/mL solution was mixed with
deuterated low MW 15 mg/mL
solution in 8020 vol%

6.5.2.3 NR measurement and Data Analysis
As presented in Section 3.3.3.2, the NR data were collected in the Platypus
reflectometer at the Australian Centre for Neutron Scattering, ANSTO, NSW, Australia,[9]
according to the protocol presented in the experimental section, and were analysed in the Igor
based Motofit program.[10] In doing so, fits the data were performed with either one- or twolayer models, with the aim to achieve the lowest possible value of the goodness of fit, χ2.[10]
Here, the relative values of χ2 obtained from different fits to the data provide confidence in
the quality of the fit. For example, with a fit to the data of a two-layer model giving a χ2 = 2.0
and a one-layer model giving a χ2 = 7.1, the fit giving two-layer model is interpreted as the
best fit, showing an improvement against the one-layer model. However, it is important to
note that the χ2 value decreases with increasing number of layers, owing to an increase in the
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number of fitting parameters.[10] Hence, a slight decrease in the χ2 value may not provide
sufficient confidence in the two-layer model actually reflecting a physical reality. For
example, a decrease of χ2 from 4.3 in the one-layer model to 2.5 in two-layer model, giving
∆χ2 =1.8 only, may not be significant enough to draw any conclusion on whether the twolayer model is actually an improvement from the one-layer model.
At this point, readers should note that for the subsequent analysis, data are presented
with green hollow circles with error bars and the best fit to the data is presented with a black
line, giving either a one-layer or two-layer model. For comparison, a simplest one-layer
simulation is shown in red. In the case where the best fit provides the simplest one-layer
model, the black and red line essentially merge. However, when the best fit is obtained with
more than one-layer, the red line represents the one-layer model and is used for comparing
the results obtained from the respective best fit.

6.6 Results and Discussions
6.6.1 Bare Si-wafer with a Native SiO2 Layer
For the fitting of the data acquired on polymer films, first of all, it is essential to
measure the profile of a representative bare Si wafer on which the films were coated. This is
because the reflectivity is sensitive to the Si-wafer roughness and thickness of any oxide layer
present, see the detailed theoretical background presented in Section 3.3.3. Figure 6.4 shows
NR data (hollow green circles) of a representative bare-Si wafer, with the best fit to the data
shown in black. From Figure 6.4, it is clearly seen that the fit is adequately aligned with the
data; however, this is obtained with the two-layer model, giving the lowest χ2 = 1.4. When the
SLDs are compared to the calculated SLDs of Si and SiO2 (Table 6.1), this fit confirms that
there exists a layer of SiO2 on top of the Si-wafer. This layer of SiO2 has a thickness ≈ 15 Å
and roughness ≈ 3 Å. This is further confirmed with modelling a reflectivity profile with only
one layer of Si and no SiO2, shown in red. Clearly, the one-layer model largely deviates from
the data. Together with the fit, this confirms that there exists a native SiO2 layer on top of the
Si-wafers. As a result, subsequent fits to the NR data are presented with the SiO2 layer being
taken into consideration, on which deuterated and non-deuterated low and high MW
P(NDI2OD-T2) are spin-coated.
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Figure 6.4: NR of a representative bare-Si wafer used in this study. Data are shown by the
green hollow circles with error bars; the fit to the data is shown by the black line. The data is
fitted adequately well with a two-layer model, giving a layer of SiO2 on top of the Si-wafer
with thickness ~ 15 Å and roughness ~ 3 Å. Also shown is a one-layer simulated reflectivity
profile in red; large deviation of this model to the data further confirms the existence of a
SiO2 layer.
6.6.2 Deuterated and Non-deuterated Neat P(NDI2OD-T2) Films
Following the characterisation of a bare Si wafer and its native SiO2 surface layer,
experimental reflectivity data of neat films (100 vol %) can now be treated. Figure 6.5 shows
the neutron reflectivity data (left panels) of the four neat samples: H-low, H-high, D-low and
D-high, with their respective fitted SLD profiles (right panels). Again, acquired data are
shown by the green hollow-circles; the best fits to the data are shown by the black lines. In
these cases, the best fits were obtained with a one-layer model, and hence, the fits are merged
with the simulated one-layer models presented by the red lines. However, the best fit for the
D-high sample was obtained with two layers; Figure 6.5 (g, h); hence, one-layer modelled
simulation (red line) deviates from the best fit (black line). The extracted fitting parameters
are tabulated in Table 6.4.
H-low and H-high: As shown in Figure 6.5 (a), NR data of the H-low sample is fitted
adequately well with one layer model (black line) with a SiO2 layer of thickness ~ 15 Å. With
the goodness of fit of χ2 ≈ 1.3, fitting to the R vs. q plot gives an SLD = 0.9  10-6 Å-2 (Figure
6.5 (b)), comprising only one layer of the non-deuterated P(NDI2OD-T2) (on top of the SiO2
layer) with thickness ≈ 215 Å and film roughness ≈ 1 Å. Similar SLD value (0.8  10-6 Å-2),
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thickness (~ 228 Å) and roughness (≈ 2 Å) were found for the H-High sample, see Figure (c)
and (d) and Table 6.4. These values agree well with the calculated values of 0.9  10-6 Å-2
giving confidence that the experimental NR data are reliable.
D-low and D-high: As shown in Figure 6.5 (e), NR data of the D-low sample is fitted
adequately well with a one-layer model (black line), giving an SLD = 6.0  10-6 Å-2 (Figure
6.5 (f)), comprising only one layer of deuterated P(NDI2OD-T2) (on top of the SiO2 layer)
with thickness ≈ 178 Å and film roughness ≈ 9 Å. Interestingly, however, the one-layer
model does not adequately fit the D-high sample (red line, Figure 6.5 (g, h)). As can be seen
clearly in Figure 6.5 (g), a two-layer model (black line) improves the fit, giving an improved
χ2 = 7.75 compared to 12.5 found in the one layer model. From this fit (black line), a ~ 25 Å
top layer at the film/air interface is found with very low SLD = 1.3  10-6 Å-2. However, the
bulk is found to have the same thickness of D-low sample, i.e. ~178 Å, giving an SLD = 6.1 
10-6Å-2, see Table 6.4. This apparent surface layer in the neat D-high sample could be caused
by the presence of a low-density surface layer or (more likely) the film not having a uniform
thickness over the relatively large footprint of the beam. In any case, the bulk SLD values
derived from the two deuterated samples agree well with each other and also with the
calculated value of 6.1  10-6Å-2 given in Table 6.2.
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Figure 6.5: NR data (hollow circles) and fit (black) of the neat (100 vol%) deuterated and
non-deuterated P(NDI2OD-T2) films of low and high MW samples: (a, b) H-low, (c, d) Hhigh, (e, f) D-low and (g, h) D-high. Again note that one-layer modelled simulation (red) is
shown in the case of D-High sample in Figure (g) and (h) since the best fit to this sample was
obtained with the two-layer model.
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6.6.3 Investigation of the MW Stratification in the H-high+ D-low sample
With the experimental neutron SLD values of the neat (100 vol %) deuterated and
non-deuterated P(NDI2OD-T2) samples are now established, an investigation of MW
segregation in the mixed samples can now be perused. Two mixture ratio (vol %) of H-high
and D-low were probed, namely, 90:10 and 80:20. Size exclusion chromatography, SEC data
of these H-high and D-low batches were considered to quantify the overlapping fractions of
chains when they are mixed with these 80:20 and 90:10 ratio. It was found that in the Hhigh+ D-low ≡ 80:20 sample, ~48% of chains having MW < 17 kDa were non-deuterated,
giving > 50% chains being deuterated with MW < 17 kDa. From Figure 6.1 (d), it can be seen
that any layer segregation in this mixed sample due to deuteration would produce an
appreciable peak at the film/air interface of the SLD profile. The same is expected from the
H-high+ D-low ≡ 90:10 sample, albeit with lower SLD value at the film/air interface due to
the lower fraction of deuterated chains (~30% deuterated chains of MW < 17 kDa).
Nevertheless, an SLD peak at the film/air interface would be obvious in the mixed sample in
case of any layer segregation due to deuterated chains.
As presented before, the acquired data of both the H-high+ D-low samples were fit
with the aim to have the lowest possible χ2, see Figure 6.6 and 6.7, respectively. The fit
results are also tabulated in Table 6.4. The reader should note that from the simulation shown
in Figure 6.1 (b and c), it can be seen that D-low/H-high sample (green trace) shows a
prominent peak in the SLD profile at the film surface, giving a straightforward identification
of a segregated layer. On the other hand, H-low/D-high sample (orange trace) shows an SLD
profile with lower SLD values and only a very subtle shoulder. However, the interpretation of
this lower SLD in an H-low/D-high sample can be ambiguous as similar profiles could also
arise from film roughness as well as thickness variations. Hence, only H-high+ D-low
samples were experimentally measured.
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Table 6.4: Fitting results of the neutron reflectivity profiles of neat and mixed P(NDI2ODT2) samples discussed in Section 6.6.3 and 6.6.4. Note that the tabulated results are drawn
from the fitting of the data in the q-range = 0.005 Å-1 to 0.25 Å-1 as measured in the
experiment.

H-high+ D-low (90:10 vol %): Figure 6.6 shows the NR data and the SLDs of the
fits of this mixed 90:10 (vol %) sample. Interestingly, the best fit was obtained with a twolayer system, giving χ2 = 2.54. From the fit, a distinct ~50 Å top polymer/air layer (layer 2 in
Table 6.4) was found with a lower SLD = 1.4  10-6 Å-2, having a surface roughness ≈ 1 Å.
This layer 2 was found to be segregated from layer 1 (on top of native SiO2), where layer 1
thickness ≈ 170 Å, roughness ≈ 6 Å and a slightly higher SLD = 1.6  10-6 Å-2. Again, for
comparison, the data were modelled with one-layer (red line in Figure 6.6). With that
simulation, the goodness of fit, χ2 only increases to 4.35. At this point, as discussed in Section
6.5.2.3, it is important to note that the χ2 value decreases with increasing number of layers,
owing to an increase in the number of fitting parameters.[10] Hence, a slight change of χ2
value, ∆χ2 = (4.35-2.54) = 1.81 is not beyond one’s reasonable doubt.
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Figure 6.6: MW stratification in the H-high+ D-low P(NDI2OD-T2) mixed 90:10 (vol%).
sample. Figure (a) shows NR data (green hollow circles) and the best fit (black) along with
the one-layer simulation (red) for comparison and Figure (b) shows their respective SLDs
along with their χ2 values.
When considering the possibility that the fitted 2-layer model reflects reality, it is
worth considering the extent of the SLD difference in the surface and bulk layers. The SLD
values with the 2-layer system changes only slightly (layer 2 = 1.4  10-6 Å-2, compared to
layer 1 = 1.6  10-6Å-2). The change in the SLD values from the fit might be caused due to a
slight difference in mass density. Interestingly, the same is observed in the case of the D-high
sample where two mass densities were also observed.
It is also important to quantitatively consider the fitted SLD values and what MW
composition values they correspond to. For example, Table 6.4 shows the experimental SLD
values of H-high as well as D-low samples: 0.8  10-6 Å-2 and 6.0  10-6 Å-2, respectively.
Since this mixed sample is a mixture of 90:10 (vol %) of these two neat samples, their
average SLD values can be calculated as:
(90% × H-high SLD) + (10% × D-low SLD)
= (90% × 0.8  10-6) + (10% × 6.0  10-6)
= 1.31  10-6 Å-2
Which agrees relatively well with the fitted value for the bulk of the film. Now, assuming any
change is solely due to the MW stratification, i.e. (% composition of H-high + % composition
of D-low = 100%), one can calculate the compositions in the 2-layer system with the
measured SLDs as follows:
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 Layer 2 (top layer): (% composition of H-high × H-high SLD) + (%
composition of D-low × D-low SLD) = 1.4  10-6 Å-2, giving a composition of
H-high: D-low = 88:12 by weight.
 Similarly, layer 1 (on SiO2): (% composition of H-high × H-high SLD) + (%
composition of D-low × D-low SLD) = 1.6  10-6 Å-2, giving a composition of
H-high: D-low = 86:14 by weight.
Thus the difference in MW composition of the top layer is only very slight, and
certainly not large enough justify the two-layer model.
H-high+ D-low (80:20 vol %): To investigate whether the stratification is seen in a
different MW ratio mixture, another mixed sample, namely, H-high+ D-low (80:20 vol %)
was probed, see Figure 6.7. Interestingly, the best fit was found with the same two-layer
model, with the lowest possible χ2 = 2.0. In this two-layer fit, the following SLDs were
obtained: SLDlayer 2 = 2.3  10-6 Å-2 (top polymer/air layer) with thickness ≈ 51 Å and SLDlayer
1

= 2.0  10-6 Å-2 (layer on SiO2) with thickness ≈ 176 Å, see Figure 6.7(b) and Table 6.4.

However, when the one-layer model was simulated, the χ2 value was found much larger (7.1),
giving an SLD = 2.3  10-6 Å-2 and thickness ≈ 225 Å.

Figure 6.7: MW stratification in the H-high+ D-low P(NDI2OD-T2) mixed 80:20 (vol%).
sample. Figure (a) shows NR data (green hollow circles) and the best fit (black) along with
the one-layer simulation (red) for comparison and Figure (b) shows their respective SLDs
along with their χ2 values.
In this case, the change in χ2, i.e. ∆χ2 = (7.1-2.0) = 5.1, when going from the onelayer to two-layer model was larger than for the previous case. However, when percentage
composition was calculated for this mixed 80:20 (vol %) sample, the difference in
composition between these two layers again was not very great. In particular, it was found
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that layer 2 (top polymer/air layer) is comprised of H-high: D-low = 78:22 by weight and
layer 1 (on SiO2) is comprised of H-high: D-low = 72:28 by weight. Furthermore, a layer of
lower SLD could be related to variations in film thickness over the beam footprint. The fact
that a pronounced increase in SLD at the surface is not observed certainly rules out the
possibility that low MW chains are segregating at the top surface.
To investigate the sensitivity of such fits to MW composition Figure 6.8 shows a
simulation with different deuterated percentage composition of layer 2, (top polymer/air
layer) in conjugation with the acquired data of the 90:10 mixed sample shown in Figure 6.6
(a). This simulation shows that an adequate fit is not obtained with increasing percentage
composition of a deuterated layer at the top polymer/air interface, providing the fact that an
enhanced deuterated level at the top of the film is not obvious.

Figure 6.8: (a) Simulated NR and (b) their respective SLD profiles of the mixed 90:10 (vol%)
sample H-high+D-low with different percentage composition of the deuterated level at layer
2 (polymer/air interface).
Both samples do agree that if such a change in MW composition at the surface was
real, that there was a slight enrichment in high MW chains. However, the fact there is still a
substantial fraction of low MW chains and that they are not excluded from the surface would
indicate that this level of enrichment is not significant enough to point to a possible
mechanism for the formation of an edge-on surface layer, where one would expect a stronger
MW segregation effect.
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6.7 Conclusion
This chapter has presented a study to investigate molecular weight stratification in
P(NDI2OD-T2) spin-coated films with a view to understanding the origin of the distinct
edge-on layer that forms on the surface of such films. To achieve contrast in NR experiments,
low and high MW P(NDI2OD-T2) were deuterated. NR experiments were performed on neat
(100 %) deuterated and non-deuterated samples, confirming the increase in neutron scattering
length density (SLD) of 6.0  10-6 Å-2 for deuterated samples compared to 0.9  10-6 Å-2 for
non-deuterated samples. NR experiments were performed on a mixed sample: H-high +
D=low, where the non-deuterated high MW chains (90% or 80%) were mixed with
deuterated low MW chains (10% or 20%, respectively). The data were fitted with both 1layer and 2-layer systems with a better fit obtained for the 2-layer system; however, with only
a minor variation in MW composition. The further simulation was performed with an
increasing composition of deuterated low MW at the top polymer/air layer. In this case, even
poorer fits were obtained, verifying the fact that a deuterated layer would be detectable
experimentally with increasing deuteration composition. However, the simulations confirmed
that no adequate fit to the data was possible with increasing deuteration level.
Thus, this chapter concluded that there are no compelling evidence for MW
stratification of the P(NDI2OD-T2) chains upon spin-coating, rejecting the preliminary
hypothesis of layer segregation due to MW distribution. Nevertheless, this chapter presents a
remarkable experiment to test the hypothesis of MW stratification in P(NDI2OD-T2) films,
and to the best of author’s knowledge, presents the first experimental SLD values for a
deuterated semiconducting polymer.
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7.2 Abstract
Synchrotron-based NEXAFS spectroscopy is a powerful technique to investigate the
surface science as well as the bulk microstructure of solution processed thin films. With
charge transport in an OFET being an interfacial process, NEXAFS spectroscopy is an
especially important tool for OFET research. This chapter presents a collection of 6 NEXAFS
studies that each represent either a novel application of NEXAFS spectroscopy or the effect
of a novel processing treatment on thin-film molecular orientation. As well as investigating
thin films of P(NDI2OD-T2) that have been extensively studied in the previous chapters,
results on thin films of the polymers BFS4 and PCDTPT are also presented. By floating films
of P(NDI2OD-T2) to expose the substrate/polymer interface of the same molecular weight
series presented in Chapter 4, a distinct face-on orientation at the bottom interface is found
compared to the top interface (polymer/air interface). Stamping is also employed to expose
the bottom interface of films of BFS4, with a significant dihedral angle between the backbone
and the pendant side-chains of BFS4 discerned through the use of angle-resolved NEXAFS
spectroscopy performed at the carbon, nitrogen, fluorine and sulphur K-edges. NEXAFS
spectroscopy has also been performed on P(NDI2OD-T2) films annealed either under
ambient conditions or under nitrogen, with the interesting observation that annealing of
P(NDI2OD-T2) at 300 C in the ambient leads to a loss of the side chains with the *
structure remaining intact. Furthermore, fluorescence yield NEXAFS spectroscopy of both
P(NDI2OD-T2) and PCDTPT spin-coated films was acquired, revealing their distinct bulk
orientations compared to the surface. Finally, annealed and rubbed films of PCDTPT are
compared to non-annealed rubbed films as well as spin-coated films, with the interesting
observation of a change in the molecular orientation at the top surface from edge-on to faceon upon rubbing, with subsequent annealing at 200 C promoting a less face-on orientation.

203

|| NEXAFS Spectroscopy of Conjugated Polymers: New Insights into Thin Film Microstructure ||

7.3 Introduction
Due to the anisotropic optoelectronic properties of conjugated polymer chains, the
packing and molecular orientation of conjugated polymer thin films can strongly affect the
performance of OFETs.

[1]

Importantly, since the layer of accumulated charge that forms in

an OFET is restricted to only a few nanometres from the semiconductor/dielectric interface,[2]
it is the packing and molecular orientation of polymer chains at the surface of the conjugated
polymer film that determines OFET operation. While there are a number of characterisation
techniques that are able to probe the packing and molecular orientation of conjugated
polymer thin films, such as GIWAXS,[3,

4]

variable angle spectroscopic ellipsometry,

[7, 8]

transmission electron microscopy, TEM

[5, 6]

and polarised infrared spectroscopy,[7, 9] none

of these techniques has the surface sensitivity required to exclusively probe the structure of
the first few nanometres of a conjugated polymer film commensurate with the thickness of
the accumulation layer. By measuring X-ray absorption via the detection of Auger electrons,
NEXAFS spectroscopy is able to achieve a surface sensitivity of  3 nm,[10, 11] giving it the
ability to exclusively probe the molecular orientation of the relevant charge transporting
region in an OFET.
In previous chapters, namely Chapter 4 and 5, angle-resolved NEXAFS
spectroscopy has been used to probe the molecular orientation of P(NDI2OD-T2) chains at
the top surface (that is the polymer/air interface) which is most relevant for TGBC OFET
operation. Also of interest is the molecular orientation of the bottom surface, which is the
substrate/polymer interface, crucial for the BGBC OFET operation. While this interface may
be less important for charge transport in top-gate devices, the molecular orientation at the
bottom interface can be important for the injection (collection) of charges from the bottom
source (drain) electrode. Furthermore, differences in molecular orientation at the top and
bottom interfaces may provide insight into thin-film microstructure formation, with different
nucleation mechanisms at these different interfaces potentially leading to different molecular
orientations. Fluorescence yield (FY) NEXAFS spectroscopy can also provide information
about bulk orientation, although this is less frequently employed. For polymers containing
different heteroatoms such as nitrogen, sulphur and oxygen, NEXAFS spectroscopy
performed at these edges can provide new insight into the molecular orientation of different
bonds present in the polymer chain. As well as probing molecular orientation, the chemical
sensitivity of NEXAFS spectroscopy allows for subtle differences in surface chemistry to be
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explored. This chapter provides a number of more detailed and extensive NEXAFS
investigations of P(NDI2OD-T2) films as well as BFS4 and PCDTPT films with a view to
showcasing the range of observations that NEXAFS spectroscopy can provide.

7.4 Methodology
7.4.1 Materials
The chemical structures of the polymers: P(NDI2OD-T2), BFS4 and PCDTPT,
employed in this chapter are shown in Figure 7.1, including their molecular weights and
dispersity.

Figure 7.1: Chemical structure and Mw, Mn and Ð of (a) P(NDI2OD-T2), (b) BFS4 and (c)
PCDTPT employed in this chapter.
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7.4.2 Thin Film Processing Techniques
7.4.2.1 Spin-coating
Details of P(NDI2OD-T2) film preparation was discussed in sections 3.3.1.1 and
was highlighted in the methodology of Chapter 4 and 5, Section 4.4.2 and 5.4.2, respectively.
For the study comparing the annealing of films inside and outside of an N2-filled glove box,
all the processing steps and annealing were done either inside the glove box or outside (in a
fume cupboard under ambient conditions).
Polydimethylsiloxane (PDMS) substrates were prepared by mixing the silicone
elastomer base and the curing agent (Sylgard® 184, Dow Corning Corp.) in a 10:1 ratio and
mixing well. This mixture was then degassed in a vacuum desiccator before being poured out
into a plastic petri dish wish a depth of 1 – 2 mm. The petri dish was then placed in an oven
at ~ 70 C for ~ 3 hours to cure before cutting to size and delaminating from the petri dish.
BFS4 thin films were prepared from 10 g/L o-dichlorobenzene (DCB) solutions on PDMS
substrates with 2000 rpm spin speed for 2 minutes to facilitate stamping.
PCDTPT films were spin-coated from 5 g/L toluene (TOL) solutions onto Si
substrates at 1000 rpm for 1 minute in ambient and then, annealed at 200 C for ~ 20 minutes
in ambient.
7.4.2.2 Floating and Stamping
The bottom interface of a spin coated film, that is, the interface with the substrate, is
not readily accessible by surface-sensitive techniques. Hence, spin-coated films need to be
delaminated and flipped so that the bottom interface (substrate/polymer interface) is exposed,
facilitating NEXAFS experiments to probe the microstructures of this otherwise buried
interface. Floating and Stamping are two such thin film processing techniques which are
introduced in turn.
Floating: Figure 7.2 shows the floating process. P(NDI2OD-T2) film is spin-coated
on a sacrificial Si/PEIE substrate and then slowly floated onto deionized water in a petri dish
whereby the PEIE layer dissolves in water, with the free-standing film floating on the surface
of the water with polymer/air interface still at the top, see Figure 7.2 (c). (In this case, the
PEIE is not cured meaning that the PEIE chains are not cross-linked facilitating float-off
while providing a similar surface to that employed in OFETs.) Supported by surface tension,
another cleaned and cut Si substrate can be gently placed face-down on the top of the floating
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film. The surface of the Si wafer adheres to the polymer/air interface of the floating film, and
also floats with the film on the surface of the water, Figure 7.2 (e). The substrate and film are
then taken together with a pair of tweezers, pushed gently down into the water, turned upside-down and removed from the water with the initial substrate/polymer now exposed, see
Figure 7.2 (g). Blowing the residual water with nitrogen gas makes the film ready to probe
with X-rays onto the bottom substrate/polymer interface.

Figure 7.2: Floating technique: (a) A P(NDI2OD-T2) film is spin coated on a sacrificial
Si/PEIE substrate and then floated onto the deionised water in a petri dish (b). The floated
light-blue coloured P(NDI2OD-T2) film is highlighted with a circle in (c). Here, the PEIE
layer is dissolved upon floating and the sacrificial Si substrate sinks to the bottom of the dish.
A newly cut and cleaned Si substrate is placed face-down on top of the film (d) that also
floats with the film, thanks to the surface tension of water (e). The substrate and the film are
then taken in an up-side-down manner (f) to expose the bottom substrate/polymer interface
which now becomes the top surface (g). Cleaning the floated film with N2-gun enables a
direct X-ray probing onto the substrate/polymer interface of the film.
Rationale for using PEIE for floating technique: PEIE was used to facilitate floating
off the films from the water surface. In this case, the PEIE layer was not cured; hence, they
were not cross-linked. This facilitated floating by dissolving PEIE layer into the water, thanks
to its hydrophilicity. Readers are reminded that the BGTC transistors used in this thesis were
fabricated with a layer of PEIE to facilitate electron injection from the gold electrode into the
LUMO of P(NDI2OD-T2). Hence, exploring the buried interface i.e. PEIE/polymer interface
is crucial to investigate the surface phenomena, especially in conjugation with BGBC
transistors.
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Stamping: Figure 7.3 illustrates the stamping process employed in this chapter,
similar to the process initially described by Meitl et al.[12, 13] A film is first spin-coated onto a
sacrificial PDMS substrate and then gently placed face-down onto a previously cleaned and
plasma-treated Si substrate so that the polymer/air interface comes directly in contact with the
Si substrate. The PDMS makes conformal contact with the Si wafer ensuring uniform
coating. Due to the weak adhesion forces between the film and the PDMS substrate, the
polymer film adheres more strongly to the Si wafer and when the PDMS is taken off slowly,
the film can be completely transferred to the Si substrate after stamping. This exposes the
otherwise inaccessible PDMS/polymer bottom interface.

Figure 7.3: Stamping technique: (a) A P(NDI2OD-T2) layer is is spin coated onto the PDMS
substrate (b). The film is then stamped face-down onto a cleaned and plasma treated Si-wafer
(c), whereby the film makes conformal contact with the Si wafer ensuring uniform coating
(d). The polymer film adheres more strongly to the Si wafer when the PDMS is taken off
slowly (e), thanks to the stronger film-Si adhesion force than film-PDMS. This completes the
stamping process which provides a completely transferred polymer film onto the Si substrate
(f), enabling a direct X-ray probing onto the otherwise inaccessible PDMS/polymer bottom
interface.
Rationale for using PDMS for stamping technique: PDMS substrate was used to
spin-coat the film and then to facilitate stamping the films on another substrate, giving access
to probe NEXAFS spectroscopy at the polymer/PDMS interface. It is known that low surface
energy films like PDMS are expected to have a strong influence on the molecular orientation.
This low surface energy of PDMS was deliberately utilised to probe the polymer, BFS4 to
discern a dihedral angle between its backbone and the pendant side chains, see Section
7.5.3.1 for the details of the study.
208

|| NEXAFS Spectroscopy of Conjugated Polymers: New Insights into Thin Film Microstructure ||

7.4.2.3 Mechanical Rubbing
Rubbing is a polymer chain alignment technique whereby a spin-coated thin film is
rubbed with fibres such as those of a velvet cloth at room or elevated temperature. Previous
experiments of rubbing on conjugated polymer films have demonstrated the potential of this
technique for chain alignment and improvement of thin film charge transport.[14-17] Figure 7.4
(a) shows a benchtop mechanical rubbing machine (Model No: HO-IAD-BTR-01, Holmarc
Opto-Mechatronics Ltd.) with a red velvet cloth, enabling a mechanical rubbing of a spin
coated film. With optimisation of the rubbing parameters such as rubbing speed = 2000 rpm,
linear speed = 1 mm/s and distance between the cloth and the film = 0.5 mm, a rubbed film
can be produced from a spin-coated film, shown in Figure 7.4 (b) and (c), respectively.

Figure 7.4: Rubbing technique: (a) Benchtop mechanical rubbing machine with a red velvet
cloth, used to prepare rubbed PCDTPT films from spin coated films as shown by the optical
micrographs in (b) and (c), respectively. A schematic of the rubbing technique is also shown
in the inset.

7.5 Results and Discussion
7.5.1 P(NDI2OD-T2) Thin Films
A number of studies have been performed on P(NDI2OD-T2) thin films throughout
the course of this PhD project. Although previous chapters have presented complete studies
regarding the effects of molecular weight (Chapter 4), solvents (Chapter 5) and the probing
molecular weight segregation (Chapters 6), this section presents additional NEXAFS results
which did not neatly fit into the above studies but non-the-less reveal interesting new aspects
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of P(NDI2OD-T2) microstructure, paving the future works with this high performing
polymer.
7.5.1.1 Distinct Face-on Molecular Orientation at the Bottom Interface of P(NDI2ODT2) Thin Films
Chapter 4 presented a study on the effects of MW on the OFET performance and
film microstructure of P(NDI2OD-T2), where it was shown that the molecular orientation at
the top interface is essentially similar for all MW batches of P(NDI2OD-T2), see Figure 4.7,
Table 4.4 and the related discussion presented in Section 4.5.3.2. In particular, average tilt
angles of < > ~ 57 (PEY) and < > ~ 54 (TEY) were reported, showing that the polymer
backbones, irrespective of their MW, are oriented predominantly edge-on at the top interface.
Interestingly, when the same samples were floated (Figure 7.2) and probed at the
bottom interfaces (Si/polymer), the molecular orientation is found to be predominantly faceon, distinct to that found at the polymer/air interface. Figure 7.5 presents the angle-resolved
TEY NEXAFS spectra of films of the different MW batches of P(NDI2OD-T2) probed at the
bottom interface which was exposed by floating. Data is not shown for the 10 kDa batch
since the film was too thin to float and disintegrated upon delamination. When compared to
Figure 4.7, it is seen from Figure 7.5 that the linear dichroism at the π*-manifold for bottom
interfaces is opposite to that of the top interfaces. Figure 7.5 also presents a plot of < > vs.
MW showing that irrespective of their MW, the average tilt angles [18] for the tilting of the
carbon 1s to * transition dipole moment are < > ~ 44 (PEY) and < > ~ 37 (TEY).
Schuettfort et al.[19] have previously reported a distinct edge-on preferential orientation at the
top surface of P(NDI2OD-T2) films with < > ~ 55 (TEY) while the bulk orientation was
reported to be face-on based on GIWAXS observations and transmission NEXAFS
measurement with the latter yielding < > ~ 40 (TEY), similar to what this thesis has
reported in Chapter 4. Schuettfort et al. however did not report NEXAFS measurement of the
bottom interface. The observation that the bottom interface is face-on consistent with the bulk
molecular orientation suggests that microstructure formation is separately influenced by the
top and bottom interfaces; crystallites nucleate at the bulk substrate/solution interface are
face-on, while the edge-on fibrils at the top surface nucleates at the solution/air interface.
Note that the NEXAFS spectral features at the bottom interface are compared in
Figure 7.5 (f) with that of the top interface to ensure that PEIE is completely washed away
from the bottom surface upon floating. For example, Figure 7.5 (f) shows 55 incident
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NEXAFS spectra probed at the top (green) and bottom (red) interfaces of 30 kDa sample
along with a PEIE spectrum (black). Here, the spectral features at the π*-manifold as well as
at the σ*-manifold of both the P(NDI2OD-T2) spectra are found comparable, illustrating that
no PEIE contamination is present in the sample upon floating. This provides confidence the
process of floating cleanly exposes the bottom interface and paves the way for future studies
to investigate the molecular orientation of polymeric films at different interfaces.
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Figure 7.5: (a-d) TEY NEXAFS Spectra for 4 MW batches of P(NDI2OD-T2) samples
probed at the bottom interface. Note that data is not shown for the 10 kDa batch since the
film was too thin to float. (e) The average tilt angle of the backbone, < >, plotted as a
function of molecular weight. (f) Comparison of 55 TEY NEXAFS spectra taken of the top
polymer/air (green) and bottom substrate/polymer (red) interface with a PEIE spectra (black).
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7.5.1.2 Probing the Thin Film Bulk Microstructure with Fluorescence Yield (FY)
NEXAFS Spectroscopy
While Chapter 4 and 5 restricted morphological characterisations of P(NDI2OD-T2)
films optimised for OFET performance (and hence films annealed at 110 C), interesting
changes in microstructure and molecular orientation are found when spin-coated P(NDI2ODT2) films are annealed at different temperatures.[4,

20]

Previously, characterisation of bulk

microstructure has been performed with GIWAXS by Rivnay et al., in particular finding that
P(NDI2OD-T2) films annealed at 300 C and slow-cooled undergo a pronounced change in
molecular orientation from predominantly face-on to predominantly edge-on.[4] Here, the
bulk microstructure of P(NDI2OD-T2) films annealed at different temperatures was
investigated with angle-resolved fluorescent yield (FY) NEXAFS spectroscopy. Since
NEXAFS spectroscopy is equally sensitive to both crystalline and amorphous chains, FY
NEXAFS spectroscopy is complementary to GIWAXS, providing information about the
average molecular orientation of all chains in the sample. Note that these FY NEXAFS
spectra reported in this section were yielded simultaneously with PEY and TEY spectra, and
that no further beam-dose was applied. Although NEXAFS spectroscopy in the Transmission
mode (T-NEXAFS) could potentially provide similar information with enhanced signal, it
requires a transparent substrate with low absorption in the incident X-ray energy range, such
as, silicon nitride (Si3N4) membranes.[19]
Figure 7.6 (a) – (e) shows the FY NEXAFS spectra of samples which were spincoated and annealed in an N2-filled glove box for ~ 20 minutes and then quenched by placing
on the metallic floor of the glove box. Results for a sample annealed to ~ 320 C and slowly
cooled at a rate of ~ 10 °C/min are also shown (Figure 7.6 f). For the as-cast sample and
samples annealed up to 250 C, the carbon 1s to π* transition shows a greater resonance
intensity at shallow incidence (40 incident angle) than at normal incidence (90 incident
angle), indicating that the bulk orientation remains face-on up to an annealing temperature of
~ 250 C. (Note that 20 spectra are not shown due to pronounced self-absorption effects.)
With annealing at 300 C, this dichroism is either lost (quenched sample, Figure 7.6 e) or
reversed (slowly cooled sample, Figure 7.6 f). The lack of dichroism for the quenched sample
is consistent with either a polymer melt that has been frozen (no preferential orientation) or
with polymer chains with a backbone orientation of ~ 55. The sample that has slow-cooled
shows some dichroism (with the intensity of the π*-manifold at normal incidence now more
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intense than at shallow incidence) suggesting this film has become edge-on consistent with
GIWAXS measurements.[21] Interpretation of bulk-sensitive fluorescence yield (FY)
NEXAFS spectra can be more complex than electron-yield techniques (TEY or PEY) not only
because the scattered incident light needs to be separated from the fluorescence signal but
also due to the self-absorption of photons in the film,[10] see Section 3.3.2.3 for detailed
discussion on this topic. However, since the film is ~ 50 - 60 nm to minimise self-absorption
effects are minimised and changes in dichroism can be quantified by determining an average
tilt angle or by calculating the dichroic ratio. To this end, Figure 7.7 presents the average tilt
angles of this annealing series of P(NDI2OD-T2) calculated from the angle-resolved PEY,
TEY as well as FY NEXAFS spectra.[18] Clearly, the average tilt angles from the PEY and
TEY signals, which are sensitive to the top 1 - 3 nm and 3 - 5 nm of the samples, [11, 22] remain
almost similar throughout the temperature series: ~ 60 - 65 and ~ 50 - 60, respectively.
These electron yield measurements indicate that the molecular orientation at the very top
interface essentially remains the same upon annealing. These observations are consistent with
the previous observation by Schuettfort et al.[19] The FY measurements, in contrast, show a
dramatic change from face-on in as-cast and mildly-annealed samples to edge-on with
annealing at 320 C and slow cooling. The variation in TEY tilt angles with the 110 C and
210 C samples showing lower TEY tilt angles could be due to the larger sampling depth of
TEY, with some face-on chains below the very top surface also contributing to the TEY
signal. While similar bulk trends were reported by Rivnay et al.[4] where the annealed
samples were probed with bulk sensitive GIWAXS, this study presents the same observation
from the fluorescence yield NEXAFS spectroscopy experiment confirming that this
microstructural rearrangement affects the majority of polymer chains in the film and not just
a minority of crystalline chains. This study shows that FY NEXAFS experiments performed
on sufficiently thin films can provide reliable bulk molecular orientation data complementing
other techniques.
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Figure 7.6: Angle-resolved and double-normalised[11] FY NEXAFS spectra of P(NDI2ODT2) spin-coated films prepared and annealed in an N2-filled glove box: (a) as cast (no
annealing), (b) 110 C, (c) 210 C, (d) 250 C and (e) 300 C. Figure 7.3 (f) presents the FY
NEXAFS spectra of a slow-cooled film where the film was first annealed at > 300 C and
then slowly cooled down to the room temperature at ~ 10 C/min.
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Figure 7.7: Average tilt angles calculated from angle-resolved PEY, TEY and FY NEXAFS
spectra vs. annealing temperature for P(NDI2OD-T2) thin film samples.
7.5.1.3 Annealing-Induced Degradation of P(NDI2OD-T2) Probed with NEXAFS
Spectroscopy
Chapter 5 presented a study on the effects of different solvents on the OFET
performance and film microstructure of P(NDI2OD-T2) where the active layer was prepared
and annealed at 110 C in a fume hood under ambient conditions. It was shown in Section
5.4.2 that the OFET performance of devices where the active layer was processed outside of a
glove box at this mild annealing temperature was not affected. Hence it was concluded that
annealing P(NDI2OD-T2) at 110 C in the air does not significantly alter the electronic
properties of the material. However, at higher annealing temperatures material degradation
may be expected, especially when annealed in air.[23, 24] Hence, a study was performed to
investigate whether any alteration in the surface chemistry of spin-coated P(NDI2OD-T2)
films at the polymer/air interface takes place when the films were processed at elevated
temperature in a nitrogen environment (inside of a glove box) or in the ambient (outside of a
glove box). Figure 7.8 (a and b, respectively) shows 55 incident angle PEY and TEY
NEXAFS spectra of 4 spin-coated films that were annealed for 20 minutes at either 110 C or
300 C, inside and outside of a glove box.
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Figure 7.8: (a, b) PEY and (c, d) TEY NEXAFS spectra of P(NDI2OD-T2) samples acquired
at 55 incident angle, with the plots in (a) and (c) are made offset for clarity. Shown here are
the P(NDI2OD-T2) spin-coated films annealed at 110 C and 300 C prepared either inside
or outside of a N2-filled glove box: Blue and orange spectra are from samples processed
inside of the glove box (N2) and annealed at 110 C and 300 C, respectively, while green and
red spectra are from samples processed outside of the glove box (ambient) and annealed at
110 C and 300 C, respectively..
As seen from both the PEY and TEY spectra of Figure 7.8, the spectral signature of
the π*-manifold (~ 283 - 285 eV) remains essentially unchanged for all the samples,
irrespective of the processing environment and annealing temperature. Especially relevant to
the study presented in Chapter 5, the films processed inside and outside of the glove box and
annealed at 110 C show identical PEY and TEY spectra (blue and green spectra), leading to
the conclusion that the surface chemistry of P(NDI2OD-T2) films are not degraded with
annealing at 110 C in air, relevant to the operation of TGBC OFETs. However, the film
processed outside of the glove box and annealed at 300 C in the ambient (red spectra, Figure
7.8) shows pronounced spectral changes when compared to other three films. With the survey
of the literature on carbon K-edge NEXAFS spectroscopy of conjugated polymers,[10, 24, 25-30]
including P(NDI2OD-T2),[31-33] these changes in the 300 C -ambient sample along with its
peak assignments are listed below (shown in Figure 7.8 (b)):
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(1) The intensity of the π*-manifold (< 290 eV) relative to the step-edge becomes
more prominent.
(2) The structure of the π*-manifold remains the same.
(3) The peak at ~ 286 eV corresponding to C-H * is less prominent.
(4) The peak at ~ 288 eV assigned to C=O π* is more prominent.
(5) The intensity ratio of the * peaks at ~ 292 eV and ~ 295 eV peaks attributed
to C-C σ* and C=O σ* changes, with the intensity of the C-C σ* becoming
less prominent.
As seen from the chemical structure of P(NDI2OD-T2) (Figure 7.1 (a)), the chemistry of the
NDI core is dominated by C=C, C-S, C-N and C=O bonds. On the other hand, the alkylated
octyl dodecyl side-chains are comprised of only C-C and C-H bonds attached to the NDI unit
via a C-N bond. Now, with the spectra being normalised to the total amount of carbon of the
sample (normalisation of the resonance intensity at 320 eV to 1), the fact that the π*-manifold
increases in relative intensity in the 300 C-ambient sample is consistent with a relative
increase in the amount carbon atoms in aromatic bonds. This is further supported by the fact
that the C-H * is found to be less prominent. However, the structure of C=C π* peaks at ~
283-286 eV remains similar for all four samples, indicating that any chemical change is not
associated with degradation of the conjugated core of the sample with annealing at 300 C in
ambient. The fact that the intensity ratio of the ~ 292 eV (C-C σ*) and ~ 295 eV (C=O σ*)
peaks is also consistent with an enriched signature of the bonds of the NDI core. Taken
together, these observations point to an annealing-induced degradation of P(NDI2OD-T2)
films whereby the sidechains are cleaved from the polymer backbone with annealing at 300
C under ambient conditions. Degradation under ambient conditions can be understood in
terms of the proposed reaction in scheme 7.1 involving water in the cleaving process with the
octyl dodecyl sidechain leaving as 2-octyl-1-dodecanol. Once cleaved, with a boiling point of
234 – 238 °C (Sigma-Aldrich product specification sheet), the 2-octyl-1-dodecanol vaporises
and is removed from the sample; and hence, is not detected by NEXAFS spectroscopy.

218

|| NEXAFS Spectroscopy of Conjugated Polymers: New Insights into Thin Film Microstructure ||

Scheme 7.1. Proposed degradation of P(NDI2OD-T2) at elevated temperature in ambient
conditions.
The cleaving of the octyl dodecyl side chains with annealing under ambient is
consistent with the observations of the cleaving of the alkyl group from octadecyl
trichlorosilane (OTS) at ~ 230 C by Mirji et al.[34] and from alkyl siloxane at ~ 220 C by
Kim et al.[35] under ambient. Note that FY NEXAFS spectroscopy data and GIWAXS
measurements would potentially provide complementary information on whether any
annealing-induced degradation also takes place in the bulk of the 300 C-ambient sample;
however, this data was not collected. Nevertheless, OFET devices were fabricated based on
P(NDI2OD-T2) films annealed in ambient; however, transistor action was not observed. This
could either be the direct result of the cleaving of the alkyl side chain leaving NH groups at
the end of the NDI unit, or the suppression of charge transport due to other effects such as
subtle oxidation of the conjugated backbone that is not easily detected with NEXAFS
spectroscopy.
7.5.2 BFS4 Thin Films
As introduced in Section 2.7.1, BFS4 is a donor-acceptor co-polymer based on
dithienyl-benzodithiophene (DT-BDT) and fluoro-benzothiadiazole (FBT) sub-units which
were developed primarily for use in organic solar cells and has achieved good efficiencies as
a donor in combination with both fullerene[36] and polymer[37] acceptors. See Figure 7.1 (b)
for chemical structure and molecular details.
This section presents two interesting NEXAFS spectroscopy observations on the
BFS4 system: the observation of different subunits exhibiting different tilt angles as well as
multi-edge NEXAFS spectroscopy performed at the nitrogen, fluorine and sulphur K-edges.
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7.5.2.1 Observation of a Dihedral Angle between the Backbone and the Pendant SideChains
While dihedral angles between donor and acceptor subunits in a donor-acceptor
copolymer can be calculated by quantum chemical calculations, such angles predicted do not
necessarily reflect those that actually occur in the solid state. There are a few experimental
techniques that can directly measure such torsional angles. For example, Raman spectroscopy
is able to provide qualitative information regarding torsional angles but measurements
typically need to be interpreted with the help of simulations.[38, 39] In an X-ray scattering
experiment there are typically insufficient diffraction orders to solve the structure within the
unit cell. The IR-based method of infrared transition moment orientational analysis (TMOA)
does provide a direct measurement of the dihedral angle by analysing structure-specific
vibrational modes enabling the average tilting of different aromatic planes to be assessed.[9, 40]
However IR measurements are bulk sensitive and TMOA generally needs films of thickness
much greater (~ 1 μm) than used in OFETs (< 100 nm). In contrast, NEXAFS spectroscopy,
being chemically sensitive as well being sensitive to bond orientation, has the potential to
distinguish dihedral angles in thin films, and furthermore at the surface of thin films (crucial
for OFET operation).[11] Interestingly, BFS4 is comprised of a chemical structure where both
donor units have pendant thiophene units with side-chains attached. Qin et al.[36] employed
DFT calculations to study BFS4 and reported a very small dihedral angle between the FBT
and DT-BDT units (5 - 8), suggesting the polymer should adopt a rather planar backbone.
Interestingly, however, these calculations found that a large dihedral angle of ~ 55 should
exist between the pendant thiophene rings on the DT-BDT unit and the dithienyl-benzo core.
To try to experimentally detect significant dihedral angles between the subunits in BSF4, here
NEXAFS spectroscopy has been employed
In order for a dihedral angle between the different aromatic subunits in a particular
polymer to be discerned, these aromatic units need to have distinct spectral features to be able
to discern different average tilt angles. Figure 7.9 (top) presents angle-resolved and PEY
carbon K-edge NEXAFS spectra of a stamped BFS4 film, whereby the film was first
prepared on a PDMS substrate and then stamped onto a Si substrate, exposing the bottom
interface for X-ray probing. See Section 7.4.2.2 for details. As seen from the inset of Figure
7.9 (top), there is linear dichroism exhibited at π* energies with grazing incidence, in general,
giving a higher π∗ resonance intensity compared to normal incidence. For optimisation of the
empirical peak fitting encompassing the π* manifold, 4 peaks were fitted which are located at
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284.1 eV, 284.9 eV, 285.4 eV and 285.7 eV. Details of the peak fitting procedure are
presented in Section 3.3.2.3. These peaks together give an average tilt angle (averaging over
the entire π* manifold) of <γ> = 47.1°, shown by the plot of peak intensity vs. incident angle
in Figure 7.9 (bottom) (pink stars), giving the information that the average orientation of the
backbone is predominantly face-on. However, when the peaks were analysed individually, it
is found that 3 out of these 4 peaks, namely, the 284.1 eV, 284.9 eV and 285.7 eV peaks,
have average tilt angles of <γ> ≈ 43 - 47 (black, red and blue lines, Figure 7.5 (c)), whereas
the 285.4 eV peak gives an average tilt angle of <γ> ≈ 64.2 (black line). That is, the peak
located at 285.4 eV shows different dichroism compared to the other peaks associated with a
distinct edge-on orientation.
The different dichroism of the 285.4 eV peak is attributed to the different tilting of
the pendant thiophene units compared to the backbone. The lowest energy * peak at 284.1
eV is almost certainly associated with the FBT subunit, with the benzothiadiazole unit known
to produce a distinct peak at 284.3 eV in the spectrum of the polymer F8TBT compared to
F8T2.[29] The 284.9 eV peak is associated predominantly with the core of the DT-BDT unit,
with the FBT subunit at the core of the DT-BDT unit have similar tilt angles. The peak at
285.4 eV is associated with that of the pendant thiophene units consistent with the dominant
* peak seen in P3HT.[29] This interpretation has the backbone adopting a relatively planar
conformation consistent with previous DFT calculations with the pendant thiophene units
adopting a more edge-on orientation with respect to the substrate and hence exhibiting a
significant dihedral with respect to the core of the DT-BDT unit, thanks to the stamping
technique.[13, 41, 42]. This represents the first use of NEXAFS spectroscopy to discern a distinct
tilt angle of an aromatic subunit in a conjugated polymer and shows that NEXAFS
spectroscopy can be used to provide surface sensitive information regarding dihedral angles
in conjugated polymer thin films.
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Figure 7.9: (top) Angle-resolved carbon K-edge PEY spectra of BFS4, and (bottom) plot of
peak area vs. X-ray angle of incidence for the different sub-peaks identified in the inset of the
top figure, with fits to determine average tilt angles.
7.5.2.2 Multi-edge NEXAFS Spectroscopy of BFS4
As shown in Figure 7.1 (b), the chemical structure of BFS4 consists of a number of
heteroatoms in the backbone as well as in the side chains. For example, the FBT sub-unit
contains nitrogen, fluorine and sulphur atoms whereas the DT-BDT units possess sulphur
heteroatoms. This diversity gives an opportunity to probe the chemistry and molecular
orientation of different subunits with angle-resolved NEXAFS spectroscopy acquired at
different K-edges, enabling an analysis of the planarity of the backbone units and pendant
side chains. Accordingly, NEXAFS measurements performed at the nitrogen and fluorine
edges selectively probe the FBT sub-unit, while measurements at the sulphur edge probe the
composite DT-BDT unit. Unfortunately, since sulphur being contained in both the BDT and
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pendant thiophene rings, it is not possible to separately probe these two units with this
approach.
Fig. 7.10 (a) presents the angle-resolved nitrogen K-edge PEY spectra of BFS4;
strong dichroism is clearly observed at the lowest energy peak at 398.4 eV associated with
the N 1s–π* transition. From the dichroism of this peak, an average tilt angle of the associated
transition dipole moment of <γ>

= 34.4° is determined, confirming a more face-on

orientation of the FBT unit with respect to the substrate, as discussed in the previous section.
Fig. 7.10 (b) presents the angle-resolved fluorine K-edge PEY spectra of BFS4.
Fluorine K-edge NEXAFS spectra tend to be dominated by σ* peaks due to the higher local
density of states associated with px–py orbitals compared to pz orbitals.[43] The position of the
highest energy π* peaks also tend to overlap with σ* peaks at the fluorine edge making it
more reliable to use the dominant σ* peaks for determining molecular orientation.[43] Based
on the dichroism of the peak at 691.4 eV attributed to the F 1s → C-F σ* transition, an
average tilt angle of <γ> ∼ 62° is calculated for the associated transition dipole. As this
transition dipole moment is expected to be oriented in the plane of the FBT moiety (along the
axis of the C-F bond and hence, perpendicular to the N 1s- π* transition dipole moment), it is
broadly in agreement with the orientation of the FBT unit as probed at the nitrogen and
carbon K-edges.
Fig. 7.10 (c) presents the angle-resolved sulphur K-edge PEY spectra. Due to the low
intensity of photons at the sulphur K-edge, which is at the limit of the range of the Soft X-ray
beamline at the Australian Synchrotron, less reliable data are obtained. Little dichroism is
observed however given that the sulphur K-edge spectra are averaging over the BDT and
thiophene subunits, the face-on orientation of the BDT and the edge-on orientation of the
pendant thiophene units may be expected to average each other out. The low energy
resolution at the sulphur edge (~ 0.5 eV) also hampers the ability to distinguish different
moieties by their spectral profile. Nevertheless, these data do suggest a more edge-on
orientation when selectively exciting sulphur atoms compared to carbon atoms, consistent
with the conclusions drawn from the other absorption edges.
In summary, this BFS4 study at the carbon K-edge and other absorption edges have
demonstrated the potential for NEXAFS spectroscopy to discern the dihedral angles in donoracceptor co-polymers, with multi-edge observations having the potential to separately probe
different sub-units. The study of polymers with distinct heteroatoms on each aromatic moiety
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will help with the interpretation of multi-edge data Modelling of the NEXAFS spectra
acquired at different edges will also provide additional insight and assist with spectral
interpretation.

Figure 7.10: Angle-resolved PEY NEXAFS spectra of BFS4 film at the (a) nitrogen, (b)
fluorine and (c) sulphur K-edges.
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7.5.3 PCDTPT Thin Films
PCDTPT is a D-A co-polymer based on cyclopenta-dithiophene (CBT) and pyridalthiadiazole (PT) sub-units[44] as shown in Figure 7.11 (b), and has demonstrated OFET
mobilities of > 6 cm2/Vs when processed with chain alignment techniques such as directional
solvent evaporation,[5] or the use of nano-grooved substrates.[45]
The following section presents an interesting surface science observation of this high
mobility polymer by employing NEXAFS spectroscopy to examine rubbed films. See Section
7.4.2.3 for the details of this processing technique.
7.5.3.1 Promotion of Face-on Orientation of PCDTPT via Mechanical Rubbing
Three PCDTPT films were studied: (1) spin-coated (as-cast), (2) rubbed (as-cast)
and (3) rubbed (annealed at 200 C), where rubbed films were first spin-coated from toluene
and then rubbed with mechanical rubbing machine introduced in Section 7.4.2.3. Given that
the moieties in any spin-coated film are not aligned in any preferential direction, NEXAFS
spectroscopy with varying incident angle (polar angle) can be employed to find out the
molecular orientation, thanks to the relative orientation of the TDMs and incident electric
field vector. This has been employed in the result chapters in this thesis, see Chapter 4, 5 and
7 as well as Figure 3.10 for a schematic where Equation 3.10 and 3.11 were used. However,
this section introduces aligned sample produced from rubbing, where the polymer chains are
preferentially aligned in the rubbing direction. Hence, NEXAFS spectroscopy analysis needs
the introduction where the incident angle is kept fixed and the samples are rotated
azimuthally, see Figure 7.2 and their insets. For such highly aligned films, the azimuthal and
polar dependence of the resonance intensity, I is given by:
𝐼 = 𝑇𝑅𝐼 [𝑐𝑜𝑠 2 𝜃𝑐𝑜𝑠 2 𝛼 + 𝑠𝑖𝑛2 𝜃𝑠𝑖𝑛2 𝛼𝑐𝑜𝑠 2 𝜙].

(7.1)

For the angles described in this equation, see the schematic presented in Figure 3.10. Also
note here that TRI = total resonance intensity when E . O = 1.
The following two cases are particularly important:
(1) For the case with normal polar angle i.e. θ = 90, Equation 7.1 becomes,
𝐼 = 𝑇𝑅𝐼 [𝑠𝑖𝑛2 𝛼𝑐𝑜𝑠 2 𝜙].

(7.2)
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(2) For the case of the azimuthal angle which gives the greatest resonance intensity
i.e. ϕ = 0, giving the polar angle dependence of I to deduce the (average) tilt angle by
simplifying the above Equation 7.1 to,
𝐼 = 𝑇𝑅𝐼 [𝑐𝑜𝑠 2 𝜃𝑐𝑜𝑠 2 𝛼 + 𝑠𝑖𝑛2 𝜃𝑠𝑖𝑛2 𝛼].

(7.3)

Note that for this preferentially directional samples, α= 45 produces the special case
of zero dichroism; hence, the “magic angle” for aligned samples becomes 45, rather than
57.4 for non-aligned sample.
First of all, Figure 7.11 presents the angle resolved PEY NEXAFS spectra of three
PCDTPT films (spin-coated and rubbed) where the polar angle was varied from grazing
incidence i.e. θ = 20 to normal i.e. θ = 90 with keeping the azimuthal angle fixed at ϕ = 0.
As seen Figure 7.11 (a), spin-coated film (as cast) shows significant linear dichroism at π*
energies with an average tilt angles for the * manifold of <γ> = ~ 74 (Figure 7.11 (b). This
observation indicates a high degree of edge-on orientation of backbones at the polymer/air
interface, consistent with the previous report by Patel et al.[46I Figure (c) and (d) show the
spectra for the rubbed samples. Interestingly owever, in these cases the orientation changes to
less edge-on with <γ> = ~ 53, see Figure 7.11 (c) with the inset highlighting π*-manifold
region. Even more interestingly, when this rubbed film was annealed at 200 C (for ~ 20
minutes), the orientation changes drastically to more face-on with an even lower average tilt
angle, <γ> of ~ 42, see Figure 7.11 (d) and inset. These values are plotted in Figure 7.11
(b).
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Figure 7.11: Angle-resolved PEY NEXAFS spectra of PCDTPT (a) spin-coated As-Cast, (c)
rubbed As-Cast and (d) rubbed annealed film, where the azimuthal angle was kept fixed at ϕ
= 0 Figure (b) shows the average tilt angle, <γ> of these samples, calculated from their
respective PEY NEXAFS spectra using Equation 3.10.
Now, to understand the effects of the alignment and to quantify how much the
chains are aligned due to rubbing mechanism, the rubbed films were probed by the NEXAFS
spectroscopy where the x-ray incident angle was kept at normal i.e. θ = 90 while the rubbed
films were rotated azimuthally from ϕ = -20 to 110 with respect to the rubbing direction,
see Figure 7.12. This geometry was employed to investigate the molecular orientation
resulted from any directional ensembles, such as in a rubbed film, since rubbing often causes
a preferred in-plane orientation and biaxial orientation of polymer backbones, and films with
biaxial orientation need to be measured at multiple azimuthal angles to determine the full
orientation vectors. Figure 7.12 (c) and (c) show the linear dicroism for the rubbed films in
the π*-manifold when the sample was rotated azimuthally with respect to the rubbing
direction, shown in the insets. While -20 scan of the rubbed as cast film gives the highest
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intensity at the π*-manifold as shown in Figure 7.11 (a), the same -20 scan is found to have
the lowest intensity in the rubbed annealed film, see Figure 7.11 (c). This provides the
information about the effect of mechanical rubbing and subsequent annealing.

Figure 7.12: (a) and (c) show the angle-resolved PEY NEXAFS spectra of the rubbed as-cast
and rubbed annealed PCDTPT films, respectively, taken with normal x-ray incident angle
(polar) i.e. θ = 90 while the rubbed films were rotated azimuthally from ϕ =-20 to 110 with
respect to the rubbing direction. This geometry is shown in the insets. Figure (b) amd (d)
show the fit results where the sum of the peak areas (black filled-circles) as well as the
individiual peak area in the π*-manifold versus azimuthal angle are shown. Fitting to a
sinusoidal wave with period of 180 gives a dichroic ratio in the rubbed films: 47% in the ascast film and 15% in the annealed film.
To quantify the effects of the alignment in these rubbed films, the peak areas at the
π*-manifold of these NEXAFS spectra can be utilised, see Figure 7.12 (b) and (d) for the
rubbed as-cast and rubbed annealed film, respectively. The individual peak area as well as
the sum of the peak areas (shown by black filled-circles) are plotted versus the azimuthal
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angle, raising a periodic nature in the observed peak areas due to the relative orientation of
the TDMs with respect to the incident X-ray electric filed vector. This periodic peak areas
then fitted to a sinusoidal function with a period of 180, which takes the maximum and
minimum values into consideration and gives a dichroic ratio by using a simple formula:
Maximum − Minimum
𝐷𝑖𝑐ℎ𝑟𝑜𝑖𝑐 𝑅𝑎𝑡𝑖𝑜 = (
) ∗ 100%.
Maximum + Minimum

(7.4)

Interestingly, a dichroic ratio of ~47% was found for the rubbed as cast film shown
in Figure 7.12 (b) while that changes to ~15% upon annealing the sample at 200 C shown in
Figure 7.12 (d). This presents an interesting observation where rubbing gives a stark
alignment of the chains; however, annealing that rubbed film un-change the effects.
Now, calculating the molecular orientation of these rubbed films by considering
preferential distribution of chains i.e. Equation 7.1, the average tilt-angle for the rubbed ascast film, <γas cast, Eq. 7.1> = 33.2± 0.2. Since there remains unaligned chains in the ensemble
as seen from Figure 7.12 (b), the average tilt-angle can also be calculated by considering no
in-plane alignment of chains i.e. Equation 3.10, which gives, <γas cast, Eq. 3.10> = 42.8± 0.2.
Hence, to a reasonable estimate, the average tilt angle in this rubbed as-cast (aligned) film
can be found by taking the averages of these two angles, which gives, <γas cas, avgt> = 38,
giving a predominantly face-on orientation of the backbones. On the other hand, rubbed
annealed sample having a dichroic ratio of only ~15%, it can reasonably estimate that the
molecular orientation remains similar to what is found for no preferential alignment case i.e. ,
<γannealed> ~ 42, shown in Figure 7.11 (b).
Patel et al.[46] characterised blade-coated PCDTPT films on nano-grooved substrates,
and reported the molecular orientation to be edge-on. Similar to their findings, this report
shows that PCDTPT spin-coated films orients in a very edge-on fashion at the top
air/polymer interface; however, that orientation changes towards face-on when the films are
mechanically rubbed. Interestingly, upon thermal annealing of that rubbed film, the
backbones adopt a less face-on registry, showing a stark difference with the spin-coated.
Thus, this study shows that the process of mechanical rubbing can be employed to effect a
change in molecular ordination from edge-on to face-on.
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7.6 Conclusion
This chapter has demonstrated the unique ability for NEXAFS spectroscopy to probe
the surface and thin-film molecular orientation of conjugated polymers. A number of
polymers, namely, P (NDI2OD-T2), BFS4 and PCDTPT, were investigated, with the main
outcomes are summarised below:
1. P(NDI2OD-T2) bottom vs. top interface: A face-on orientation of P(NDI2ODT2) chains at the bottom substrate/polymer interface were observed, distinct to
the edge-on orientation of the top polymer/air interface but consistent with the
bulk orientation of spin-coated P(NDI2OD-T2) films. In agreement with the
results of Chapter 4, little different in the molecular orientation of P(NDI2ODT2) chains at the bottom interface for different MW batches.
2. P(NDI2OD-T2) annealing study: While the molecular orientation of chains at
the top surface of P(NDI2OD-T2) thin films was not found to chain
significantly with annealing temperature, the bulk molecular orientation
probed with FY NEXAFS spectroscopy was found to change from
predominantly face-on to edge-on with annealing above the melting point (~
320 C) and slowly cooled down to the room temperature. This observation is
consistent with previous GIWAXS results[21] but confirms that the majority of
chains in the sample make this transition from face-on to edge-on.
3. P(NDI2OD-T2) degradation: An interesting change in the NEXAFS spectrum
of P(NDI2OD-T2) was observed for with annealing at 300 C in ambient.
These spectral changes were explained by the cleaving of the octyl dodecyl
side chains in the presence of water and elevated the temperature.
4. BFS4 dihedral angle: For the first time, NEXAFS spectroscopy was
successfully used to discern significant dihedral angles between two different
aromatic subunits in a conjugated polymer. From the different dichroism
observed for different peaks in the * manifold, a different orientation of the
pendant side chains with respect to the backbone of BFS4 was established.
5. BFS4 multi-edge NEXAFS spectroscopy: BFS4 was probed at the nitrogen,
fluorine and sulphur K-edges, supporting the interpretation of the carbon K-
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edge spectra and demonstrating the potential of this approach for examining
other systems.
6. PCDTPT rubbed films: A change in the molecular orientation of the surface of
rubbed films was found, with a pronounced change in molecular orientation
from edge-on to face-on.
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8.1 Conclusion
The main objectives of this thesis were to examine polymeric thin-film
microstructure and to better understand the relationship between thin-film microstructure and
OFET performance. To this end, a number of characterisation techniques were employed
based on the laboratory, synchrotron and neutron facility. While OFET characterisation and
UV-Vis spectroscopy were performed in the laboratory, GIWAXS, NEXAFS and R-SoXS
experiments were performed in the Australian synchrotron (Victoria, Australia) and
Advanced Light Source (Berkeley, USA), and NR experiments were performed at the
‘Platypus’ reflectometer, ANSTO (NSW, Australia).
The following is a summary of the conclusions drawn from the studies presented in
result-chapters, Chapter 4 to 7:
Chapter 4 presented the first experimental study of this thesis: The effect of
molecular weight (MW) on the thin-film microstructure of the high-performance n-type
donor-acceptor co-polymer P(NDI2OD-T2) and its associated effect on top gate bottom
contact (TGBC) OFET performance. Here, a series of five MW batches of P(NDI2OD-T2)
were investigated, processed from dichlorobenzene (DCB), which is a tolerably-good solvent
for P(NDI2OD-T2). This study reported an unconventional MW dependence of the field
effect mobility where the mobility was found to increase with decreasing MW, attributed to
the formation of a liquid crystalline microstructure with micron-long orientationally
correlated domains in low MW samples. This long range liquid-crystalline order originates
from the non-aggregating, open-chain conformation of low MW P(NDI2OD-T2) chains in
DCB. The origin of this surprising result was further tested by investigating films spin-coated
from a poor solvent, namely p-xylene (XY). Interestingly, the OFET mobility of XY-cast
films was found to increase with increasing MW, due to the different aggregation behaviour
of P(NDI2OD-T2) in solvents of different quality. Thus, this study presented a valuable
insight into structure-function relationships in P(NDI2OD-T2) films and the influence of
solution aggregation on microstructure formation.
Chapter 5 presented the second study of this thesis: The effect of solvent quality on
P(NDI2OD-T2) film microstructure and OFET performance. Here, a series of six solvents
was used to process P(NDI2OD-T2) films keeping the MW fixed. Following from Chapter 4,
this study reported a strong correlation between field-effect mobility and solvent quality. In
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particular, the mobility of P(NDI2OD-T2) OFETs was found to be directly correlated to the
following:
1. The extent of aggregate formation in solution,
2. The formation of long-range orientationally correlated domains, and
3. The average tilt angle of polymer backbones at the top polymer/dielectric
interface.
This study provided valuable insight into the effect of solvent quality reporting that
the poor solvents (such as toluene and xylene) promote the formation of larger liquid
crystalline domains with highly edge-on oriented backbones at the top polymer/dielectric
interface.
Chapter 6 presented the third study of this thesis: A study probing molecular weight
(MW) stratification in P(NDI2OD-T2) spin-coated films. Based on the observation that
P(NDI2OD-T2) chains of different molecular weight showed different degrees of
aggregation, and that the microstructure of P(NDI2OD-T2) was affected by the aggregated
nature of P(NDI2OD-T2) chains, this chapter investigated the possibility that the top edge-on
surface layer in P(NDI2OD-T2) thin films originates from the MW stratification of polymer
chains. To test whether low MW chains (for example) separately nucleate or segregate at the
top interface during spin-coating, neutron reflectometry (NR) was employed, with low MW
chains deuterated to provide scattering contrast in an NR experiment. Although strong
neutron contrast was achieved through deuteration of the side chains of P(NDI2OD-T2),
insufficient evidence was found for molecular weight stratification, with the strong
segregation of low MW chains to the top surface ruled out.
Chapter 7 presented the final results chapter of this thesis: 6 short NEXAFS
spectroscopy studies that provided new insights into the nature of molecular orientation in
films of P(NDI2OD-T2) along with films of BFS4 and PCDTPT. These studies and their key
observations are briefly summarised as follows:
1. P(NDI2OD-T2) bottom vs. top interface: Independent of MW, P(NDI2ODT2) chains were found to be predominantly oriented face-on at the bottom
substrate/polymer interface, distinct to the top edge-on oriented polymer/air
interface.
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2. P(NDI2OD-T2) annealing study: While the molecular orientation of chains at
the top surface of P(NDI2OD-T2) thin films were not found to change
significantly with annealing temperature, the bulk molecular orientation
probed with fluorescence yield (FY) NEXAFS spectroscopy were found to
change from predominantly face-on to edge-on with annealing above the
melting point (~ 320° C) and slowly cooled down to room temperature.
3. P(NDI2OD-T2) degradation: An interesting change in the NEXAFS spectrum
of P(NDI2OD-T2) was observed with annealing at 300 C in ambient
attributed to the cleaving of the octyl dodecyl side chains in the presence of
water and elevated temperature.
4. BFS4 dihedral angle: For the first time, NEXAFS spectroscopy was
successfully employed to discern a significant dihedral angle between different
aromatic subunits within the polymer repeat unit.
5. BFS4 multi-edge NEXAFS spectroscopy: BFS4 was studied further with
NEXAFS measurements at the nitrogen, fluorine and sulphur K-edges,
confirming the backbone planarity and dihedral angle between the backbone
and the pendant side-chain.
6. PCDTPT rubbed films: The mechanical rubbing of PCDTPT films was found
to change the molecular orientation from edge-on toward face-on.

8.2 Outlook
This thesis ends by highlighting a number of suggestions for future work based on
the results chapters, Chapter 4-7, as follows:
Chapter 4 and 5 presented two studies of P(NDI2OD-T2), investigating the effects
of Molecular weight (MW) and solvent. While two solvents, namely, DCB (a tolerably-good
solvent) and XY (poor solvent) were employed in Chapter 4 to investigate the MW effects on
film microstructure and OFET performance, future work is suggested whereby a complete
matrix of the effects of MW solvents of different solvent quality is constructed. Future work
can also be focused on investigating polymer chain alignment as a function of MW. Chapter
7 presented a short study of PCDTPT chain alignment, where the employment of the rubbing
mechanism as a promising chain alignment technique was documented. As different MW
batches consist of a different (average) length of the polymer chains, future work can be
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focused on rubbing the P(NDI2OD-T2) chains in conjugation with a number of solvents and
annealing conditions.
Chapter 6 presented a study to probe the MW stratification in the P(NDI2OD-T2)
films. While insufficient evidence was found for MW stratification, this study presented a
successful strategy for the deuteration of conjugated polymers that could be exploited in other
neutron-based experiments. An example could be the measurement of the interface width of
the buried polymer/dielectric interface as a function of thermal annealing or other
interdiffusion studies. Similarly, deuterated conjugated polymer chains could serve as the
basis of small-angle neutron scattering experiments, measuring chain size in solution or in the
solid state. Indeed, measurement of the size of P(NDI2OD-T2) chains in solution as a
function of solvent quality would provide new information about the nature of P(NDI2ODT2) chain aggregation.
Chapter 7 presented a total of 6 short NEXAFS spectroscopy studies, probing not
only P(NDI2OD-T2) but also BFS4 and PCDTPT. Suggestions for future work based on each
of these studies are:
1. Further application of the floating technique to measure the molecular
orientation of spin-coated polymer films at different interfaces.
2. The routine application of FY NEXAFS spectroscopy for probing bulk
molecular

orientation

simultaneous

to

measuring

surface

molecular

orientation.
3. A more systematic investigation of the degradation of conjugated polymers at
high temperatures, such as by controlling exposure to oxygen and water.
Measurement of FY NEXAFS spectroscopy will also determine whether such
degradation is an interfacial or bulk phenomenon.
4. The used of NEXAFS spectroscopy and in particular multi-edge NEXAFS
spectroscopy to further investigate backbone planarity and dihedral angles in
D-A co-polymers. Correlating backbone planarity with charge transport is also
identified as an area of future research.
5. Future application of mechanical rubbing to engineer the molecular orientation
of conjugated polymer thin films. Employing mechanical rubbing with OFET
studies may enable insights into structure-function relationships in aligned
system.
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9.1 Appendix A: Analysis of Variance, ANOVA
Chapter 4 presents one-way and two-way ANOVA analysis on ~ 300 saturation
mobilities of P(NDI2OD-T2) TGBC OFETs and their statistically significant variance with
respect to MW and OFET channel length. Summary of that ANOVA analysis is presented
here.
First, extracted mobility data for each of the channel length-MW combination was tested for
Normality Distribution by the Anderson-Darling method. It was found with 11 data sets were
normally distributed at a significance level, α = 0.05 and 4 data sets were normally distributed
at α = 0.01. Figure A.1 presents an example of a normality test of 20 saturation mobilities
extracted from the sample: Mn = 17 kDa (channel length, L = 20 µm).

Figure A.1: Normality Distribution test by the Anderson-Darling method of 20 saturation
mobilities extracted from the sample with Mn = 17 kDa and channel length, L = 20 µm.
Being confirmed that the data sets are normally distributed, ANOVA analysis were
performed on those data following both the one-way and two-way method. Table A.1 shows
an example of one-way ANOVA analysis for a total of ~ 100 samples with L = 20 µm and
Table A.2 shows two-way ANOVA analysis for a total of ~ 270 samples with all three
channel lengths, L = 20, 10 and 5 µm.
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Table A.1: One-way (single factor) ANOVA analysis summary for L = 20 µm. Note that the
P-value = 3.19 X 10-12, which is much less than α = 0.05. This confirms the rejection of the
Null Hypothesis and concludes that, for L = 20 µm, mean mobilities of different MW are
significantly different.

Single Factor ANOVA Analysis Summary
Mn

Count

Sum

Average

Variance

41

20

2.93

0.1468

0.0005

35

20

3.90

0.1952

0.0011

30

20

4.08

0.2040

0.0005

17

20

4.24

0.2123

0.0003

10

20

5.35

0.2676

0.0064

Source of Variation

SS

df

MS

F

P-value

F critical

Between Groups

0.1490

4

0.0372

20.5457

3.19E-12

2.4674

Within Groups

0.1723

95

0.0018

Total

0.3214

99

[kDa]
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Table A.2: Two-way (two factor) ANOVA analysis summary for all 3 channel lengths. Note
that all 3 P-values are much less than α = 0.05. This confirms the rejection of all 3 Null
Hypotheses and concludes that, (a) for any given channel length, mean mobilities of different
MW are significantly different, (b) for any given MW, mean mobilities of different channel
length are significantly different and (c) there exists statistically significant interactions
between the mobilities of different MW samples and that channel length.

Two Factor ANOVA Analysis Summary
L

Count

Sum

Average

Variance

20

90

18.51

0.2057

0.0034

10

90

20.28

0.2253

0.0029

5

90

22.35

0.2484

0.0053

Source of Variation

SS

df

MS

F

P-value

F critical

MW

0.2685

4

0.0671

24.1400

5.94E-17

2.4070

L

0.0821

2

0.0410

14.7600

8.56E-07

3.0312

Interaction

0.0641

8

0.0080

2.8840

0.0043

1.9748

Within

0.7091

255

0.0027

Total

1.1240

269

[nm]
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9.2 Appendix B: OFET Data

Figure B.1: Transfer (left) and output (right) characteristics of OFETs based on different MW
batches of P(NDI2OD-T2) for transistor channel length, L= 10 μm
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Figure B.2: Transfer (left) and output (right) characteristics of OFETs based on different MW
batches of P(NDI2OD-T2) for transistor channel length, L= 5 μm.
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